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Abstract
Collective behavior is widespread in nature and examples include schools of fish and nest building in
social insects. Although collective behavior and other group-level phenotypes are assumed to be shaped
by selection, we do not know to what degree they are heritable and how selection acts on them.
Furthermore, we have identified relatively few genes underlying variation in group-level phenotypes,
hindering our understanding of the molecular mechanisms by which genes influence these traits and how
they evolve. Elucidating the genetic architecture underlying group-level phenotypes is especially diffuclt
because it depends on the genotypes of multiple interacting individuals. In this thesis, we use a new
pharaoh ant (Monomorium pharaonis) laboratory mapping population to investigate the genetic
architecture underlying a number of group-level phenotypes. These group-level phenotypes include
collective behaviors (foraging, aggression, and exploration) and cuticular hydrocarbons, which play a vital
role in chemical communication within social insect colonies. We demomonstrate that these phenotypes
are heritable and have fitness consequences – the two prerequites for evolution via natural selection.
Next, we perform genome-wide association studies to identify many interesting candidate genes
associated with variation in group-level phenotypes, including genes associated with variation in
collective behavior that have been implicated in neurological disorders or in the development of the visual
system. Next, we explore how the genetic makeup of groups affects collective behavior and find that the
specific combinations of genotypes within a group influence group-level outputs. Finally, we focus on the
important social interactions between nurse workers and larvae. We first explore the evolutionary origin of
sibling care and find that it likely shares a genetic basis with maternal care. Next, we demonstare that
some nurse workers are behaviorally specicialized to care for larvae of different development stages and
identify genes differentially expressed between nurses caring for different larval types. These specialized
nurse workers likely play a large role in regulating divion of labor within social insect colonies. Overall, this
work begins to identify the genetic architecture underlying group-level phenotypes, highlights the
importance of within-group genetic composition on group-level output, and demonstrates the important
role of nurse workers in modulating group-level phenotypes.
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ABSTRACT
THE GENETIC ARCHITECTURE OF GROUP-LEVEL PHENOTYPES IN AN ANT
Justin Walsh
Timothy A Linksvayer

Collective behavior is widespread in nature and examples include schools of fish
and nest building in social insects. Although collective behavior and other group-level
phenotypes are assumed to be shaped by selection, we do not know to what degree they
are heritable and how selection acts on them. Furthermore, we have identified relatively
few genes underlying variation in group-level phenotypes, hindering our understanding
of the molecular mechanisms by which genes influence these traits and how they evolve.
Elucidating the genetic architecture underlying group-level phenotypes is especially
diffuclt because it depends on the genotypes of multiple interacting individuals. In this
thesis, we use a new pharaoh ant (Monomorium pharaonis) laboratory mapping
population to investigate the genetic architecture underlying a number of group-level
phenotypes. These group-level phenotypes include collective behaviors (foraging,
aggression, and exploration) and cuticular hydrocarbons, which play a vital role in
chemical communication within social insect colonies. We demomonstrate that these
phenotypes are heritable and have fitness consequences – the two prerequites for
evolution via natural selection. Next, we perform genome-wide association studies to
identify many interesting candidate genes associated with variation in group-level
phenotypes, including genes associated with variation in collective behavior that have
v

been implicated in neurological disorders or in the development of the visual system.
Next, we explore how the genetic makeup of groups affects collective behavior and find
that the specific combinations of genotypes within a group influence group-level outputs.
Finally, we focus on the important social interactions between nurse workers and larvae.
We first explore the evolutionary origin of sibling care and find that it likely shares a
genetic basis with maternal care. Next, we demonstare that some nurse workers are
behaviorally specicialized to care for larvae of different development stages and identify
genes differentially expressed between nurses caring for different larval types. These
specialized nurse workers likely play a large role in regulating divion of labor within
social insect colonies. Overall, this work begins to identify the genetic architecture
underlying group-level phenotypes, highlights the importance of within-group genetic
composition on group-level output, and demonstrates the important role of nurse workers
in modulating group-level phenotypes.
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CHAPTER 1
INTRODUCTION
Understanding the evolution of complex traits has long been a central challenge to
evolutionary biology. Darwin himself acknowledged that this was one of the biggest
challenges to his theory of evolution by natural selection when he wrote “the most
apparent and gravest difficulties on the theory will be given: namely, first the difficulties
of transitions, or in understanding how a simple being or a simple organ can be changed
and perfected into a highly developed being or elaborately constructed organ” (Darwin,
1859). Many phenotypes of interest, including behavior, are genetically complex,
meaning that heritable variation for these traits is due to many genetic loci of small effect.
Therefore, the evolutionary response to selection on these traits involves changes in allele
frequencies at many loci (Falconer & Mackay 1996; Lynch & Walsh 1998).
Understanding this polygenic response and how it contributes to phenotypic variation is
crucial to our understanding of the evolution of phenotypic differences across populations
and species.
Collective behavior is a complex phenotype and is defined as the behavior of
groups of individuals that operate without central control (Gordon 2014, 2016). Examples
of collective behavior include schools of fish, flocks of birds, and nest building in social
insects. Although numerous studies have focused on individual-level behavioral
variation, relatively few studies have examined whether collective behavior is heritable, a
requirement for a trait to respond to selection and evolve over time (Falconer & Mackay
1996; Lynch & Walsh 1998). Furthermore, although it is often assumed that collective
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behavior is shaped by natural selection, we know little about the fitness consequences of
variation in collective behavior, or group-level traits in general (Gordon 2013, 2016;
Wright et al. 2019). Finally, we do not know the identity of genes underlying variation in
collective behavior, which would help us to better understand the molecular mechanisms
by which genes affect collective behavior and how collective behavior evolves.
Famous biologist E.O.Wilson once described collective behavior as the phenotype
“furthest removed from genes” (Wilson 1975) because the genetic architecture of
collective behavior is much more complex than that of individual traits. Unlike
individual-level traits, the genetic architecture of collective behavior depends on the
genotypes of multiple interacting individuals (Moore et al. 1997; McGlothlin et al. 2010).
When individuals interact, they can influence each other's phenotypes and this influence
can be either additive or non-additive (Wolf et al. 1998; Wade 2000), similar to intraindividual genetic effects (i.e. additive, dominance, and epistasis).
Social insects, such as ants, termites, and some bees and wasps, are wellestablished models for studying collective behavior. Social insect colonies can range in
size from tens to millions of individuals. Even in small colonies there is a division of
labor where one or a small number of individuals (typically called queens) perform all or
most of the reproduction while the rest of the colony (the workers) forego their own
reproduction to perform other essential tasks such as foraging, brood care, and nest
defense (Wilson 1971; Oster and Wilson 1978, Hölldobler & Wilson 2009). In many
species, workers are further specialized in specific roles within the colony, creating a
division of labor within the worker caste (Oster and Wilson 1978; Robinson 1992;
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Beshers and Fewell 2001; Mikheyev and Linksvayer 2015; Walsh et al. 2018). Colonies
largely depend on chemical communication between colony members to coordinate and
integrate individuals within these large societies (Wilson 1971, Hölldobler & Wilson
2009, Linksvayer 2015).
The chemical communication used by social insects often includes cuticular
hydrocarbons, apolar lipids found on the cuticle of most insects that primarily function to
prevent desiccation. Cuticular hydrocarbons are homogenized throughout a colony via
trophallaxis and allogrooming between colony members (van Zweden et al. 2009, 2010;
van Zweden & d’Ettorre 2010; Leonhardt et al. 2016), creating a gestalt colony odor that
informs about an individual’s colony identity (Crozier & Dix 1979). In addition to colony
identity, cuticular hydrocarbons also provide information on an individual’s reproductive
status, dominance status, and task within the colony (Bonavita-Cougourdan et al. 1987;
Lahav et al. 1999; Lenoir et al. 1999; Greene & Gordon 2003, 2007; Martin & Drijfhout
2009, van Zweden & d’Ettorre 2010, Liebig 2010). Similar to collective behavior, the
genetic architecture underlying the social insect cuticular hydrocarbon profile is largely
unknown.
While social interactions are ubiquitous in social insect colonies, one of the most
important interactions is between nurse workers and larvae. Nurse workers care for their
younger larval siblings by performing tasks including feeding, grooming, and carrying
brood (Oster and Wilson 1978; Wilson 1987). The ultimate explanation of the evolution
of sibling care can be attributed to kin or group-level selection (Hamilton 1964, Wade
1985, Wilson & Hölldobler 2005, Lehmann & Keller 2006, Boomsma 2007) but we do
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not understand the proximate mechanisms underlying sibling care. One hypothesis is the
maternal heterochrony hypothesis, which proposes that the evolutionary origin of sibling
care results from a condition-dependent shift in the timing of expression of maternal care
genes (Linksvayer & Wade 2005). To date, the predictions of this hypothesis have not
been empirically tested.
The interaction between nurse workers and larvae is important because through
these interactions, nurse workers control larval development (Linksvayer et al. 2011;
Linksvayer 2015). Nurse workers control larval development not only through the
regulation of larval diet but also through the compounds included in the liquid passed to
larvae, which include hormones, microRNAs, hydrocarbons, various peptides, and other
compounds (LeBoeuf et al. 2016, 2018). Despite the importance of nurse workers as
regulators of larval development and ultimately of the division of labor within the colony,
we know little about the genes underlying the interaction between nurses and workers or
whether nurse workers specialize in caring for different larval types.
In this thesis, I seek to increase our understanding of the genetic architecture
underlying variation in both collective behavior and cuticular hydrocarbons, the chemical
cues that largely coordinate collective behavior in social insects. Furthermore, I aim to
quantify the importance of group composition and social interactions on collective
behavior. Finally, I aim to understand how sibling care evolved and highlight the
importance of the interactions between nurse workers and larvae in the regulation of
colony division of labor. In chapter 2, I develop behavioral assays to quantify a number
of collective behaviors in pharaoh ants (Monomorium pharaonis) and survey colony
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productivity as estimates of colony fitness. Next, I estimate the heritability and fitness
consequences of variation in these collective behaviors. In chapter 3, I characterize the
cuticular hydrocarbon profile of pharaoh ants and estimate the heritability and strength of
selection for each hydrocarbon. In chapters 4 and 5, I use sequencing data to perform
genome-wide association studies on collective behavior (chapter 4) and cuticular
hydrocarbon (chapter 5) variation to identify candidate genes underlying these
phenotypes. In chapter 6, I explore how the genetic composition of groups influences
group-level behavior. In the final two chapters, I specifically focus on the social
interactions between nurse workers and larvae. I first explore the evolution of sibling care
by empirically testing the predictions of the maternal heterochrony hypothesis (chapter
7). Next, I ask whether nurse workers demonstrate behavioral specialization on caring for
different larval development stages and identify genes differentially expressed between
nurses caring for different types of larvae (chapter 8). Finally, I close my thesis with a
summary of the major conclusions of my thesis along with my thoughts on possible
future directions.
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CHAPTER 2
ANT COLLECTIVE BEHAVIOR IS HERITABLE AND SHAPED BY SELECTION1
ABSTRACT
Collective behaviors are widespread in nature and usually assumed to be strongly shaped
by natural selection. However, the degree to which variation in collective behavior is
heritable and has fitness consequences -- the two prerequisites for evolution by natural
selection -- is largely unknown. We used a new pharaoh ant (Monomorium pharaonis)
mapping population to estimate the heritability, genetic correlations, and fitness
consequences of three collective behaviors (foraging, aggression, and exploration) as well
as body size, sex ratio, and caste ratio. Heritability estimates for the collective behaviors
were moderate, ranging from 0.17 to 0.32, but lower than our estimates for the
heritability of caste ratio, sex ratio, and the body size of new workers, queens, and males.
Moreover, variation among colonies in collective behaviors was phenotypically
correlated, suggesting that selection may shape multiple colony collective behaviors
simultaneously. Finally, we found evidence for directional selection that was similar in
strength to estimates of selection in natural populations. Altogether, our study begins to
elucidate the genetic architecture of collective behavior and is one of the first studies to
demonstrate that it is shaped by selection.
___________
1

This chapter has been published as a journal article: Walsh, J. T., Garnier, S. &
Linksvayer, T. A. 2020. Ant collective behavior is heritable and shaped by selection. The
American Naturalist. In Press.
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INTRODUCTION
Collective behavior, defined as behaviors of groups of individuals that operate
without central control (Gordon 2014, 2016), is ubiquitous in nature. Examples include
predator avoidance in schools of fish, the migration of flocks of birds, and nest building
in social insects. Increasingly, researchers have documented patterns of variation in
collective behavior between groups (i.e. describing collective or group personality;
Gordon 1991; Gordon et al. 2011; Jandt et al. 2014; Bengston & Jandt 2014; Wright et al.
2019) with a goal of understanding the evolutionary causes and consequences of variation
in collective behavior. However, the degree to which collective behaviors are heritable
and how genetic variation contributes to population-level variation in individual and
collective behaviors remain largely unknown. Furthermore, it is often assumed that
collective behavior and other group-level traits, like individual behavior and other
individual-level traits, are strongly shaped by natural selection. However, little is actually
known about the fitness consequences of variation in collective behaviors, or group-level
traits more generally (Gordon 2013, 2016; Wright et al. 2019).
Given that trait variation must be heritable in order for the trait to respond to
selection and evolve over time, quantifying heritability is a crucial first step in studying
trait evolution (Falconer & Mackay 1996; Lynch & Walsh 1998). Previous studies in
ants, honey bees, and sticklebacks suggest that collective behaviors and other group-level
traits are heritable (Linksvayer 2006; Hunt et al. 2007; Wark et al. 2011; Gordon 2013;
Greenwood et al. 2015; Friedman & Gordon 2016). Additionally, candidate gene studies
have linked allelic variation to variation in collective behavior, providing further
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evidence that collective behavior is heritable (Krieger 2005; Wang et al. 2008; Wang et
al. 2013; Tang et al. 2018). Although numerous studies have examined the genetic
architecture of group-level traits in honey bees (Rinderer et al. 1983; Collins et al. 1984;
Milne 1985; Moritz et al. 1987; Bienefeld & Pirchner 1990; Pirchner & Bienefeld 1991;
Harris & Harbo 1999; Boecking et al. 2000; Hunt et al. 2007), we know little about the
genetic architecture or the evolution of collective behavior and other group-level traits in
other group-living species.
Another key factor affecting the relationship between genotype, phenotype, and
evolutionary response to selection is the pattern of genetic correlations, i.e. the proportion
of variance that two traits share due to genetic causes. Genetic correlations can either
accelerate or slow down the rate of evolutionary response to selection, depending on the
direction of the correlation relative to the direction of selection on the traits (Lynch &
Walsh 1998; Wilson et al. 2010). Understanding genetic correlations is especially
important for the study of behavioral evolution since behaviors are often thought to be
correlated with each other, forming sets of tightly linked traits that are often described as
behavioral syndromes (Sih et al. 2004; Dochtermann & Dingemanse 2013). Although
genetic correlations have been estimated for individual-level behaviors (reviewed by van
Oers et al. 2005), few studies have examined genetic correlations between collective
behaviors or other group-level traits in social insects (except for honey bees; Milne 1985;
Bienefeld & Pirchner 1990; Boecking et al. 2000).
The genetic architecture of group-level traits such as collective behavior is likely
more complex than the genetic architecture of individual-level traits, because variation in
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group-level traits arises from phenotypic and genotypic variation within and among
groups (Linksvayer 2006, 2015; Bijma et al. 2007a, 2007b; McGlothlin et al. 2010;
Gempe et al. 2012). For example, the genotype of each individual may influence its
activity rate, which in turn may affect interactions among group members and the
collective performance of the group. Thus, group-level traits depend on the genotypes of
multiple interacting individuals, just as individual-level traits that are affected by social
interactions, as considered in the interacting phenotypes framework (Moore et al. 1997;
McGlothlin et al. 2010). Indeed, previous honey bee studies quantifying heritability for
colony-level performance traits such as honey yield have treated colony performance as a
worker trait that is influenced by the expected genotype of workers and also potentially
influenced by the genotype of the queen (i.e. through a maternal genetic effect)
(Bienefeld and Pirchner 1990; Bienefeld and Pirchner 1991; Bienefeld et al. 2007;
Brascamp et al. 2016).
The rate and direction of a trait’s potential evolutionary response to selection also
depends on the pattern of natural selection acting on the trait. Knowledge of the fitness
consequences of trait variation allows researchers to characterize the type (e.g.,
directional, stabilizing, or disruptive) and strength of natural selection acting on a trait
(Lande & Arnold 1983; Arnold & Wade 1984; Janzen & Stern 1998; Morrissey &
Sakrejda 2013). Many studies have estimated the fitness consequences of individual-level
behavioral variation (reviewed by Smith & Blumstein 2008), but the consequences of
group-level variation have received relatively little attention (but see Wray et al. 2011;
Modlmeier et al. 2012; Gordon 2013; Blight et al. 2016a; Blight et al. 2016b).
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Social insects are well-established models for studying collective behavior. Wellstudied collective behaviors include nest choice in acorn ants (Temnothorax spp.;
Möglich 1978; Franks et al. 2003; Pratt 2017), nest defense and hygienic behavior in
honey bees (Apis mellifera; Spivak 1996; Breed et al. 2004; Evans & Spivak 2010), and
the regulation of foraging in pharaoh ants (Monomorium pharaonis; e.g. Beekman et al.
2001; Sumpter & Beekman 2003; Robinson et al. 2005) and harvester ants
(Pogonomyrmex barbatus; e.g. Gordon 2002; Greene & Gordon 2007; Gordon et al.
2007; Gordon et al. 2011; Gordon 2013) . The collective behavior of colony members
also shapes colony productivity and the relative investment in workers versus
reproductives (i.e. caste ratio) and reproductive males versus queens (i.e. sex ratio).
Social insect sex ratio and caste ratio have long served as important models for
empirically testing predictions from inclusive fitness theory regarding predicted conflicts
between queens and workers over sex ratio and caste ratio (Trivers & Hare 1976; Reuter
& Keller 2001; Mehdiabadi et al. 2003; Linksvayer 2008; Bourke 2015;). However,
despite this long-term intense interest in the evolution of colony-level traits, empirical
evidence is scarce about the key parameters governing the evolution of these traits,
especially for ants. Indeed, while recent molecular studies have begun to characterize the
genomic, transcriptomic, and epigenetic differences between species, between castes
within a species, and between individual workers (Friedman & Gordon 2016; Gospocic et
al. 2017; Warner et al. 2017; Chandra et al. 2018; Walsh et al. 2018), little is known
about the genetic architecture of collective behavior, caste ratio, and sex ratio
(Linksvayer 2006). Similarly, while it is clear that colony-level phenotypes can be shaped
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by patterns of selection within- and between-colonies (Owen 1986; Moritz 1989;
Ratnieks & Reeve 1992; Tsuji 1994, 1995; Banschbach & Herbers 1996; Tarpy et al.
2004; Gordon 2013), few studies have attempted to empirically quantify patterns of
selection acting on social insect traits.
In this study we used a genetically and phenotypically variable laboratory
population of pharaoh ants (Monomorium pharaonis). Such a mapping population has
proven powerful to elucidate the genetic architecture of a range of traits, including
behavioral traits, in mice, rats, and fruit flies (Hansen & Spuhler 1984; Mott et al. 2000;
Valdar et al. 2006; King et al. 2012). We first assayed colony-level foraging, aggression,
and three measures of exploration using three replicate sub-colonies of 81 distinct colony
genotypes of known pedigree (243 replicate sub-colonies total). Collective behaviors are
defined as emergent behaviors of groups of individuals that operate without central
control, through local interactions (Gordon 2014, 2016). We consider the behaviors of
foraging, exploration, and aggression to be collective because all three consist of
emergent patterns of workers operating at least in part through local interactions, either
through direct antennal contact with other workers or through the influence of
pheromones (Adler & Gordon 1992; Gordon & Mehdiabadi 1999; Gordon 2002, 2010;
Greene & Gordon 2007; Pinter-Wollman et al. 2013; Kleineidam et al. 2017). In many
social insects, foragers are stimulated to begin foraging through interactions with other
foragers/scouts returning to the nest (e.g. Gordon 2002; Fernandez et al. 2003; PinterWollman et al. 2013). Both foraging and exploratory behavior are often regulated through
the use of trail pheromones (e.g. Fourcassie & Deneubourg 1994; Jackson & Châline
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2007). During aggressive responses to threats, workers are often recruited via the use of
alarm pheromones (Loftqvist 1976; Blum 1996) or through social interactions with other
workers (Kleineidam et al. 2017). We also chose these collective behaviors because they
are linked to colony success in other social insects, including other species of ants (Wray
et al. 2011; Modlmeier et al. 2012; Blight et al. 2016a; Blight et al. 2016b). Furthermore,
we measured colony productivity, caste and sex ratio, and worker, gyne, and male body
size. We used the known pedigree of colonies in our mapping population, together with
trait measurements in an animal model framework, to estimate the heritability of and
genetic correlations between all traits. Finally, we estimated the strength and pattern of
selection acting on all the measured phenotypes in the laboratory.

METHODS
(a) Background and overall design
All M. pharaonis colonies used in this study were reared in the lab and derived
from eight initial lab stocks, collected from eight different locations across Africa, Asia,
Europe, and North America (Schmidt 2010; Schmidt et al. 2010). Specifically, the eight
initial stocks were systematically intercrossed for nine generations in order to create a
mapping population that was initially designed to be analogous to the mouse
heterogeneous stock (Mott et al. 2000; Valdar et al. 2006). After nine generations of
intercrossing, each colony in the resulting mapping population is expected to contain a
unique mixture of alleles from the eight initial stocks (Pontieri et al. 2017)
(Supplemental figure 2-1). We maintained all colonies at 27 ± 1 °C and 50% relative
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humidity on a 12:12 hour light:dark cycle. We split each colony (henceforth “colony
genotype”) into three equally-sized replicates (henceforth “colony replicate”) by
emptying the colony genotypes into plastic bowls, gently mixing the queens, workers,
and brood, and using tea spoons to scoop them into three new colony containers. Next,
we manually counted all individuals within the colony replicates and adjusted the
numbers accordingly so that all colony replicates initially consisted of 4 queens, 400 ± 40
workers, 60 ± 6 eggs, 50 ± 5 first instar larvae, 20 ± 2 second instar larvae, 70 ± 7 third
instar larvae, 20 ± 2 prepupae, and 60 ± 6 worker pupae. These numbers represent a
typical distribution of developmental stages in a relatively small M. pharaonis colony
(Warner et al. 2018). Except when starving the colony replicates (see below), we fed all
colony replicates twice per week with an agar-based synthetic diet (Dussutour & Simpson
2008) and dried mealworms. The colony replicates always had access to water via water
tubes plugged with cotton and nested between two glass slides (5 cm x 10 cm). We kept
all colony replicates in a plastic colony container (18.5 cm x 10.5 cm x 10.5 cm) lined
with fluon and surrounded by a moat of oil to prevent the workers from escaping the box.
After setting up the colony replicates, we gave them two weeks to acclimate to the
new conditions before conducting behavioral assays. We fed the colony replicates twice
per week except for the week prior to the exploratory and foraging assays during which
we starved the colony replicates so that they would be motivated to explore and forage.
We conducted the exploratory and foraging assays during the third week and the
aggression assays during the fourth week after setting up the replicate colonies.
(b) Behavioral observations
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(i) Exploratory assay
We conducted the exploratory assay after the colony replicates had been starved
for six days. We assayed the exploratory behavior of both entire colony replicates and
groups of five foragers. We conducted the assay inside a filming box with white LED
lights arranged along the walls and a camera mounted on the top to film the arena from
above (Supplemental figure 2-2A). To remove trail pheromones between assays, we
covered the floor of the box with white poster board that we replaced between each assay.
We first collected five foragers, defined as any worker outside the nest, from inside the
colony container and placed them in a large petri dish. We placed the petri dish upsidedown in the middle of a circular arena in the center of the filming box and waited five
minutes to give the workers time to settle down after being handled. After the five
minutes, we gently removed the petri dish so the workers were free to move around the
arena and filmed the workers exploring the arena for 15 minutes.
Next, we replaced the poster board inside the filming box and placed the five
foragers, all remaining foragers from inside the colony container, and the nest containing
the rest of the workers, queens, and brood inside a petri dish. We placed the petri dish
containing the entire colony upside-down in the center of the arena and waited five
minutes before lifting the petri dish and filming for 15 minutes.
We analyzed the videos of the five foragers using custom made tracking software
(https://github.com/swarm-lab/trackR; accessed 2017) to track the location of each ant in
each frame of the video. To avoid the effect of the arena wall on ant trajectories, we
removed all tracks where the ants were within 3 mm of the wall, resulting in many
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separate trajectories within each video for each ant. Next, for each sub-trajectory, we
calculated the net squared displacement (NSD) by taking the square of the distance
traveled by each ant between the starting location and each successive location along the
rest of the trajectory. To calculate the diffusion coefficient, we took the slope of the plot
of NSD over time and fit the equation:
MSD = 4Dt
where mean squared displacement (MSD) is the slope of NSD over time, D is the
diffusion coefficient, and t is time (Börger & Fryxell 2012). The diffusion coefficient
served as a measure of how quickly the ants collectively explored a novel space.
In addition, for both the five forager and entire colony videos, we calculated the
arena coverage and coverage redundancy over time. First, we computed the absolute
difference between each frame of the recorded video and a background image of the
experimental setup without ants in it. When a pixel had a large absolute difference, it
meant an ant was present on that pixel in a given frame. We then applied a threshold to
the difference image and classified all the pixels with a difference value above the
threshold as “ant-covered” pixels and gave them a value of 1, and all the pixels with a
difference value below the threshold as “background” pixels and gave them a value of 0.
Finally, we computed the cumulative sum of the segmented images over time and
calculated for each of them the arena coverage as the percentage of the pixels with a
value of at least 1 (i.e. what fraction of pixels have been visited by ants at least once;
Figure 2-1).
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We will refer to three exploratory behaviors as “exploratory rate”, “group
exploration”, and “colony exploration”. “Exploratory rate” refers to the diffusion
coefficient of groups of five ants, “group exploration” to the percent of the arena covered
by the groups of five foragers, and “colony exploration” to the percent of the arena
covered by the entire colony.
(ii) Foraging assay
We conducted the foraging assay on each colony replicate the day after the
exploratory assay and after the colony replicates had been starved for a week. We melted
the agar-based synthetic diet and soaked a cotton ball in the liquid. When the cotton ball
solidified, we placed it on the plateau of a 3D printed ramp and placed the ramp inside a
colony container on the opposite site of the nest (Supplemental figure 2-2B). Once an
ant first discovered the food, we started filming and filmed for one hour. If no ant
discovered the food in 30 minutes, we started the recording. We calculated the foraging
rate by manually counting the number of ant visits to the plateau of the ramp in each
video. Because many ants went back and forth from the food to the nest, we counted
many ants more than once.
(iii) Aggression assay
Like other unicolonial ant species, M. pharaonis workers show little to no
aggression towards M. pharaonis workers from other colonies (Schmidt et al. 2010). To
get M. pharaonis workers to act aggressively, and to be able to quantify aggression
against a constant “enemy” for all of our experimental colonies, we used workers from a
single Monomorium dichroum colony that had been kept in the lab under the same

16

conditions as the M. pharaonis colonies for 5 years. We conducted the aggression assays
a week after the foraging assays. We first collected twenty foragers of both species and
placed them in separate small petri dishes (Supplemental figure 2-3). We placed both
small petri dishes upside down in a large petri dish for five minutes before lifting both
petri dishes and allowing the workers of both species to interact. Every 5 minutes for one
hour, we manually counted and recorded the number of M. pharaonis workers that were
biting M. dichroum workers. We defined aggression as the average number of M.
pharaonis workers biting M. dichroum workers across all observations within an hour.
We froze all of the ants used in the aggression assay so that we did not reuse M.
dichroum workers in more than one assay.
(c) Colony productivity and body mass measurements
As a measure of colony productivity, we surveyed each colony replicate once per
week and counted the number of workers and brood at all developmental stages. M.
pharonis colonies usually only produce new gynes (virgin queens) and males in the
absence of fertile queens (Edwards 1991; Warner et al. 2018). Therefore, in order to
induce the production of new gynes and males, we removed queens at the start of the fifth
week, after the aggression assay. We conducted weekly surveys until all brood matured
into worker, gyne, or male pupae. In addition to colony productivity data for the total
number of workers, gynes, and males produced, the weekly surveys also allowed us to
calculate colony caste and sex ratio. We defined caste ratio as the number of gynes
relative to the total number of females produced, and sex ratio as the number of gynes
relative to the total number of reproductives (gynes and males) produced. To measure
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body size, we collected 15 worker pupae, 10 gyne pupae, and 10 male pupae from each
colony replicate. We dried the pupae out in a drying oven for 24 hours before weighing.
(d) Heritability and genetic correlation analysis
We performed all statistical analyses in R version 3.4.1 (R Core Team 2014). We
estimated the repeatability of all measured phenotypes across colony replicates using a
generalized linear mixed model (GLMM) approach in the R package MCMCglmm
(Hadfield 2010). We included block as a random factor to account for the fact that the
samples were collected at different time points from the replicate colonies and included
colony identity as a random effect and Wolbachia infection status as a fixed effect (two
of the original eight lineages included in the heterogeneous stock were infected with
Wolbachia; Schmidt et al. 2010, Pontieri et al. 2017).
To estimate the heritability of, and genetic correlations between, all measured
phenotypes, we used an animal model approach. Animal models estimate genetic
parameters of traits by evaluating how patterns of observed phenotypic covariance
between all pairs of individual “animals” is predicted by the expected genetic relatedness
between individuals, based on pedigree (Kruuk 2004, de Villemereuil 2012). For our
study, “individual animals” were replicate colonies, the pedigree was the known pedigree
across nine generations of the M. pharaonis colonies in our mapping population, and the
pedigree specifically represented genealogical relationships among the workers (i.e. the
worker offspring of queen and male parents) that make up the replicate colonies of the
mapping population. We thus assessed the degree to which the expected genotype of
workers predicted the observed collective behavior or group-level phenotype measured
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for groups of workers from replicate colonies. Note that while we focused only on how
expected worker genotype was associated with variation in worker collective behavior
and colony-level traits, it is certainly possible that the genotypes of other types of colony
members (i.e. queens or sibling larvae) also contributes to variation in the group-level
traits we measured. Such effects can be independently estimated as described above, if
very large datasets are available (e.g., Brascamp et al. 2016 used a honey bee dataset with
15,000 colonies), or alternatively, these effects can be experimentally teased apart with
cross-fostering (Linksvayer 2006, 2007, Linksvayer et al. 2009). However, we did not
have enough power in our dataset to separately estimate potential queen genetic effects,
and effects of larval genotype are always completely confounded with worker genotype
barring experimental cross-fostering.
Specifically, we used the R package MCMCglmm to run animal models using a
Bayesian Markov chain Monte Carlo (MCMC) approach (de Villemereuil 2012). We
accounted for the fact that ants are haplodiploid (males are haploid, females are diploid)
by constructing the pedigree as if the traits were all sex-linked (Hedrick & Parker 1997).
We used weakly informative priors for 1,000,000 iterations, with a burn-in period of
10,000 iterations and stored estimates every 500 iterations (full R script included in
supplemental material; following de Villemereuil 2012). We assessed convergence of the
models by visually inspecting estimate plots and assessing the autocorrelation values (de
Villemereuil 2012). We analyzed whether behaviors were phenotypically correlated with
each other (i.e. behavioral syndromes) using Spearman rank correlations and corrected
for multiple comparisons by using the “FDR” method in the R function “p.adjust.”
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In our initial heritability estimates, we ignored two complications in our pedigree.
First, between our conducting new crosses to produce new generations, our colonies went
through multiple rounds of intranidal mating: when the fecundity of current queens
declines, M. pharaonis colonies produce new gynes and males which stay in the nest and
mate with each other (Berndt & Eichler 1987). Second, when a colony was the
mother/father colony to multiple offspring colonies, we initially treated those offspring
colonies as half siblings. However, because M. pharaonis colonies contain multiple
queens, the new gynes and males they produce may be better thought of as cousins. To
test whether either of these complications would affect our heritability estimates, we
constructed multiple pedigrees and re-ran the heritability analyses. We constructed
pedigrees in which one or two generations contained two rounds of intranidal mating, one
or two generations considered reproductives from the same colony as cousins, and two
generations of both intranidal mating and considering reproductives from the same
colony as cousins.
(e) Selection analysis
We defined fitness in two ways, as either the production of new reproductives
(gynes or males) or new workers, and ran separate models for each fitness definition. In
nature, M. pharaonis colonies reproduce by budding (i.e. new colonies are not founded
independently by queens; Buczkowski & Bennett 2009), but instead, a number of queens
and workers disperse with brood to form a new colony. Both new reproductives and new
workers determine the growth rate and potential to bud for existing colonies, and hence
are appropriate measures of colony fitness. We estimated the strength of selection using a
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multivariate standardized selection gradient approach as described by Morrissey &
Sakrejda (2013). This method is similar to the approach outlined by Lande and Arnold
(1983) and uses spline-based generalized additive models to model the relationship
between fitness and traits. We normalized all behaviors to a mean of zero and a standard
deviation of one so that the selection estimates represent standardized values (Lande &
Arnold 2983; Morrissey & Sakrejda 2013). We included all five behaviors and block in
all models and estimated selection gradients and prediction intervals after 1000 bootstrap
replicates (Morrissey & Sakrejda 2013).

RESULTS
(a) Repeatability and heritability estimates
We deposited data underlying all analyses in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.931zcrjh3 (Walsh 2020). All five behaviors, caste and sex
ratio, and worker, gyne, and male body mass were significantly repeatable across
replicate colonies (Supplemental table 2-1). We estimated the heritability of the five
collective behaviors to be between 0.17 and 0.32, with a median value of 0.21 (Figure 22). We estimated the heritability of worker body mass to be 0.34, gyne body mass to be
0.46, and male body mass to be 0.53 (Figure 2-2). We estimated the heritability of five
colony productivity measures to be between 0.001 and 0.46, with a median value of 0.24
(Figure 2-2). Finally, we estimated the heritabilty of colony caste and sex ratio to be 0.26
and 0.23, respectively (Figure 2-2).
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We compared our initial heritability estimates with heritability estimates using
five different modified pedigrees that considered intranidal mating and/or considering
offspring colonies as cousins rather than half siblings. The difference between the initial
heritability estimates and the estimates when using the five modified pedigrees were
small, less than 0.1 for all phenotypes except sex ratio, which differed by up to 0.24.
(b) Phenotypic and genetic correlation estimates
We found phenotypic correlations among the five measured collective behaviors
(Figure 2-3). Foraging rate was negatively correlated with aggression and positively
correlated with both group exploration and colony exploration. Aggression was
negatively correlated with exploratory rate. Group exploration and colony exploration
were positively correlated. The genetic correlation estimates ranged from -0.05 to 0.17
but the 95% CIs all overlapped with zero (see Figure 2-3 and Supplemental table 2-2
for estimates and 95% CI). The genetic correlation estimates between behaviors and all
other traits, as well as among all the other traits, were mostly small and all had 95% CI
that overlapped with zero.
(c) Selection gradients
When defining fitness as the number of reproductives (gynes + males) produced
by the colony, we found evidence for positive linear selection on foraging and negative
linear selection on exploratory rate (Table 2-1, Figure 2-4). We found no evidence for
quadratic selection. When defining fitness as the number of workers produced by a
colony, we found evidence for positive linear selection on foraging and no evidence for
quadratic selection (Table 2-1, Figure 2-4). When defining fitness as either the
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production of new reproductives or workers, we found no evidence for correlational
selection between any of the five behaviors. Finally, we found no evidence for linear or
quadratic selection on worker, gyne, or male body mass (Supplemental table 2-3).
To further put our results into context, we estimated the proportion of variance
among our colonies for both measures of fitness (the productions of new reproductives
and workers) that was explained by variation in any of our five behavioral variables,
experimental block, or Wolbachia infection status. For the production of new
reproductives, we found that aggression explained the largest amount of the variance
(5.29%), followed by foraging (2.29%), group exploration (1.94%), exploratory rate
(0.52%), and colony exploration (0.33%) (Supplemental table 2-4). For the production
of new workers, we found that foraging explained the largest amount of the variance
(1.29%), followed by aggression (0.53%), colony exploration (0.34%), group exploration
(0.27%), and exploratory rate (0.08%) (Supplemental table 2-4).

DISCUSSION
Collective behavior is ubiquitous in nature and presumed to have strong fitness
consequences for group members. Moreover, repeatable variation in collective behavior
(often described as collective or group-level “personality”) has been commonly observed
(Bengston & Jandt 2014; Planas-Sitjà et al. 2015; Jolles et al. 2017; Wright et al. 2019).
However, little is known about the heritability or genetic architecture of collective
behavior and how collective behavior is shaped by selection. A major difficulty for
elucidating the genetic basis of collective behavior is that, unlike individual-level
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behavior, collective behavior by definition depends on social interactions among
members of the group. As a result, the genetic architecture of collective behavior
fundamentally depends on the collective genetic make-up of these individuals
(McGlothlin et al. 2010; Linksvayer 2006, 2015). Quantifying patterns of selection on
group-level traits also has an added level of difficulty because the level of replication is
the group (e.g., colony) and not the individual. Here, we begin to elucidate the genetic
architecture underlying collective behavior and other group-level traits and to
characterize how selection acts on these traits in a laboratory population of the ant
Monomorium pharaonis that we created for this purpose. We provide evidence that
variation in collective behaviors, including foraging, aggression, exploratory rate, group
and colony exploration, and other group-level traits measured in the laboratory is
heritable, phenotypically and genetically correlated, and shaped by selection.
We estimated the heritability of collective behaviors to be between 0.22 and 0.40,
which was generally lower than the heritability estimates for body size (0.38 to 0.58),
colony productivity (0.14 to 0.75), and caste (0.42) and sex ratio (0.49) (Figure 2-2).
These heritability estimates demonstrate that all of the phenotypes we measured,
including collective behaviors, have the ability to respond to short term selection on
standing genetic variation. Although numerous studies have examined the genetic
architecture of group-level traits in honey bees (Rinderer et al. 1983; Collins et al. 1984;
Milne 1985; Moritz et al. 1987; Bienefeld & Pirchner 1990; Pirchner & Bienefeld 1991;
Harris & Harbo 1999; Boecking et al. 2000; Hunt et al. 2007), this is one of the first
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studies to examine the genetic architecture or the evolution of collective behavior and
other group-level traits in an ant species.
Although our heritability estimates are somewhat higher than other estimates of
heritability across animal taxa (e.g. the heritability of individual-level behaviors was on
average 0.14; Dochtermann et al. 2015), heritability estimates can vary widely, and allelse-equal are expected to be higher in animals bred in captivity than in nature because
environmental conditions in the laboratory are controlled (Simmons & Roff 1994).
Furthermore, the heritability estimates for all of our measured group-level phenotypes
may be higher than individual-level behaviors because the heritability of traits influenced
by social interactions includes the contribution of heritable components of the social
environment (Linksvayer 2006; Bijma et al. 2007a, 2007b; Linksvayer et al. 2009;
McGlothlin et al. 2010; Bijma 2011). There is ample empirical and theoretical evidence
that this form of “hidden heritability” contributes to the heritable variation and also the
evolutionary response to selection for social traits (Wade 1976; Moore 1990; Muir 2005;
Linksvayer 2006; Bijma et al. 2007b; Bergsma et al. 2008; Wade et al. 2010; Bijma
2011). Because we kept all components of the social environment intact across replicate
sub-colonies of each colony genotype (i.e. the workers, queens and brood were all from
the same parent colony), our heritability estimates do not partition out the relative
contributions of variation in the workers’ own genomes from variation in the genomes of
other colony members (Linksvayer 2006; Linksvayer et al. 2009).
We found evidence for both phenotypic and genetic correlations between
collective behaviors. Suites of phenotypically correlated behaviors are termed
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“behavioral syndromes” and have been documented throughout the animal kingdom,
including in social insects (Sih et al. 2004; Jandt et al. 2014). The behavioral syndrome
we found in M. pharaonis consisted of a positive correlation between foraging and
exploration, which were both negatively correlated with aggression. Our phenotypic and
genetic correlation estimates were generally similar. For example, the four strongest
genetic correlation estimates (Foraging - Aggression; Foraging - Forager coverage;
Foraging - Colony coverage; Forager coverage - Colony coverage; Figure 2-3) were also
four of the five significant phenotypic correlations and were all in the same direction.
However, our genetic correlation estimates were generally very weak (i.e. not
significantly different than zero) and only one of our genetic correlation estimates was
bound away from zero (the correlation between foraging and colony exploration).
Traditionally, behavioral ecologists relied on the assumptions that all behavioral
traits were heritable, not strongly genetically correlated, and thus free to evolve
independently from other traits in response to patterns of selection on each trait. This
approach was termed the “phenotypic gambit” (Grafen 1984). Our results generally
support these assumptions as we found moderate estimates of heritability for all five
behavioral variables and relatively weak genetic correlation estimates. These results
suggest that collective behaviors are free to respond to selection, and that the underlying
genetic architecture will not constrain long-term optimization by natural selection (Lynch
& Walsh 1998; Wilson et al. 2010).
We calculated the strength and direction of selection acting on collective behavior
and found evidence for both positive and negative linear selection (Figure 2-4, Table 2-
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1). The absolute value of our estimates of the strength of linear and quadratic selection
are similar or slightly smaller than estimates of selection in wild populations (Kingsolver
et al. 2001). The strongest pattern of linear selection we found was for foraging,
indicating that colonies with higher foraging rates produced more reproductives as well
as workers. A higher foraging rate is presumably associated with higher input of
resources for the colony, allowing colonies to be more productive.
We conducted the current study in a laboratory environment, which enabled us to
strictly control the demographic make-up (i.e. queen number, worker number, etc.) and
precise environmental conditions experienced by the three colony replicates for each of
our 81 colony genotypes. Such control in particular is valuable given the complexity of
social insect colonies (Linksvayer 2006; Kronauer & Libbrecht 2018). However, we also
acknowledge the caveat that our choice to conduct our study in a controlled laboratory
environment likely had strong effects on both our estimates of heritability and genetic
correlations, as well as our estimates of the pattern and magnitude of selection. In
particular, it is difficult to know how the fitness consequences of variation in collective
behavior that we observed would change in a more natural setting. One possibility is that
we might observe positive linear selection for aggression since aggression has no obvious
benefit in the lab but may have benefits in nature. Laboratory-based estimates of natural
selection are commonly used to test predictions of evolutionary theory (Fuller et al.
2005). For example, researchers used lab-based manipulations to test predictions of
density-dependent selection theory in Drosophila melanogaster (e.g. Mueller 1997;
Dasgupta et al. 2019). Our study provides some of the first evidence that natural selection
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can shape collective phenotypes, an assumption that is rarely tested, on a scale that is
likely not feasible in a field study. Furthermore, because M. pharaonis tends to be found
in association with humans, both in the tropics in their presumed native range (Wetterer
2010) and in heated buildings in introduced temperate regions, the laboratory conditions
of our study might be more similar to the “natural” conditions experienced by our study
species than other non-synanthropic species.
Overall, this study increases our understanding of the genetic architecture of
collective behavior and demonstrates that it is strongly shaped by natural selection.
Future studies should focus on identifying the mechanisms by which genes function to
influence collective behavior and how variation in these genes affects patterns of
variation for collective behavior within populations. Candidate gene approaches have
been used successfully to demonstrate the roles of the ant ortholog of the foraging gene
(Ingram et al. 2005; Lucas & Sokolowski 2009; Ingram et al. 2016; Bockoven et al. 2017;
Page et al. 2018) and dopamine (Friedman et al. 2018). In addition to candidate gene
approaches, future studies should utilize unbiased approaches such as quantitative trait
locus (QTL) mapping in mapping populations (e.g., Hunt et al. 1998; 2007) such as ours,
and association mapping in natural populations (e.g., Kocher et al. 2018). Additionally,
future research should aim to understand the mechanisms underlying the expression of
collective behavior (Friedman et al. 2020). For example, chemical communication (e.g.
cuticular hydrocarbons, pheromones) likely plays a large role in regulating collective
behavior in social insects. Finally, future studies should seek to disentangle the
contribution of workers’ own genomes and the composite sociogenome of their nestmates
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(including other workers, queens, and brood), by using cross-fostering approaches and
experimentally setting up mixed worker groups (Morowitz & Southwick 1987; Calderone
& Page 1992; Linksvayer 2006; Linksvayer et al. 2009; Gempe et al. 2012).

ACKNOWLEDGEMENTS
Adrian Kase, Ben Cushing, Luigi Pontieri, and Isaac Planas-Sitjà helped design
and conduct the behavioral assays. Adrian Kase helped collect and weigh pupae. Rohini
Singh and Michael Warner provided invaluable feedback at all stages of the project.
Deborah Gordon, Daniel Friedman, and Tali Reiner Brodetzki provided comments on
earlier versions of the manuscript that helped improve the paper. This work was
supported by National Science Foundation grant IOS-1452520 awarded to Timothy
Liksvayer.

29

Table 2-1. Linear and quadratic selection estimates for behaviors using either
reproductive (R) or worker (W) production as the measurement of fitness.
Trait

Estimate
(R)

SE

p

Estimate
(W)

SE

p

Foraging

0.245

0.071

<0.001

0.122

0.047

0.008

Aggression

-0.054

0.070

0.446

0.007

0.048

0.916

Exploratory rate

-0.088

0.052

0.048

-0.022

0.041

0.586

Group exploration

-0.033

0.051

0.498

0.027

0.047

0.788

Colony exploration

-0.014

0.063

0.810

0.015

0.049

0.788

Foraging

0.025

0.059

0.576

0.019

0.022

0.130

Aggression

0.003

0.010

0.248

0.00005

0.049

0.412

Exploratory rate

0.008

0.010

0.106

0.050

0.051

0.206

Group exploration

0.001

0.005

0.258

0.085

0.078

0.116

Colony exploration

0.0002

0.006

0.306

0.0002

0.004

0.266

Linear

Quadratic
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Figure 2-1. Nine representative plots showing variation among colony genotypes in the
exploratory patterns of groups of five foragers. The plots show the tracks (white pixels)
of the ants as they explore a novel arena.
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Figure 2-2. Caterpillar plot of heritability estimates +/- 95% confidence intervals
grouped by category. Collective behaviors (red), body mass (blue), colony productivity
(black), and caste and sex ratio (purple) are designated by different colors.
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Figure 2-3. Heatmaps showing phenotypic (A) and genetic (B) correlations between
collective behaviors. For the phenotypic correlations, asterisks within cells correspond to
p values (adjusted for multiple comparisons; p < 0.05 = *; p < 0.01 = **; p < 0.001 =
***; no symbol indicates p > 0.05) and the colors correspond to the magnitude and sign
of the Spearman rank correlation coefficient. None of the genetic correlations were
significant (all 95% CIs overlapped with zero).
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Figure 2-4. Caterpillar plot showing linear selection gradients +/- SE. Asterisks indicate
estimates that are significant. Positive values indicate directional selection for increased
trait values (e.g., there is directional selection for increased foraging rate when fitness is
measured by the number of reproductives or workers produced) and negative values
indicate directional selection for decreased trait values (e.g., there is directional selection
for decreased exploratory rate when fitness is measured as the number of reproductives
produced).
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Supplemental table 2-1. Repeatability estimates across replicates
Phenotype

R

Low 95 CI High 95 CI

Foraging

0.460

0.307

0.569

Aggression

0.530

0.412

0.655

Exploratory rate

0.505

0.364

0.635

Group exploration

0.297

0.144

0.414

Colony exploration 0.433

0.321

0.603

Caste ratio

0.475

0.305

0.588

Sex ratio

0.674

0.553

0.748

Worker mass

0.510

0.438

0.678

Gyne mass

0.687

0.557

0.763

Male mass

0.577

0.326

0.711
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Supplemental table 2-2. Genetic correlation estimates among behaviors +/- 95%
confidence intervals.
Phenotype combination

Correlation Low 95 CI High 95 CI

Foraging - Aggression

-0.166

-0.458

0.133

Foraging - Exploratory rate

0.024

-0.218

0.223

Foraging - Group exploration

0.097

-0.250

0.285

Foraging - Colony exploration

0.135

-0.140

0.324

Aggression - Exploratory rate

-0.055

-0.262

0.173

Aggression - Group exploration

0.051

-0.257

0.318

Aggression - Colony exploration

0.072

-0.192

0.254

Exploratory rate - Group exploration

0.041

-0.188

0.220

Exploratory rate - Colony exploration

0.041

-0.171

0.206

Group exploration- Colony exploration

0.023

-0.143

0.245
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Supplemental table 2-3. Linear and quadratic selection estimates for worker, gyne,
and male body mass using either reproductive (R) or worker (W) production as the
measurement of fitness.
Trait

Estimate
(R)

SE

p

Estimate
(W)

SE

p

Linear
Worker mass

-0.014

0.070 0.974

0.006

0.044 0.896

Gyne mass

0.029

0.080 0.980

-0.005

0.050 0.938

Male mass

0.091

0.081 0.268

-0.017

0.057 0.720

Worker mass

<0.001

0.054 0.394

<0.001

0.086 0.448

Gyne mass

0.013

0.070 0.364

0.064

0.063 0.264

Male mass

0.008

0.018 0.264

<0.001

0.006 0.548

Quadratic
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Supplemental table 2-4. Proportion of the variance among colonies in the
production of reproductives and workers explained by behavioral traits,
experimental block, and Wolbachia infection status.
Trait

Variance explained (%) Variance explained (%)
(Reproductives)
(Workers)

Foraging

2.29

1.29

Aggression

5.29

0.53

Exploratory rate

0.52

0.08

Group exploration

1.94

0.27

Colony exploration

0.33

0.34

Block

44.76

28.04

Wolbachia

1.19

1.00
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Supplementary figure 2-1. Crossing scheme employed for the creation of the M.
pharaonis mapping population. For simplicity, only the crosses needed to create a
generation F5 colony are shown, although eight parental colonies (P) were sequentially
intercrossed for nine generations. The black dashed horizontal line separates generations
of inbreeding and the onset of the crossing procedure. Briefly, gynes (♀) and males (♂)
from each of the eight parental colonies (colour coded) were collected and crossed with
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sexuals from other parental colonies. From the resulting F1 offspring, new gynes and
males were collected (pink and blue dashed arrows, respectively) and crossed in order to
give birth to the F2 generation. The same protocol was applied for the subsequent
generations. The expected genetic contribution of each parental colony to the genotype of
each individual represented in the figure is indicated by different sizes of pie chart slices,
colour coded according to parental colony.

40

Supplemental figure 2-2. A diagram showing the setup of the exploratory and foraging
assays. We conducted the assays inside a filming box with LED lights arranged along the
walls and a camera mounted on the top to film the arena from above. In the exploratory
assay (A), we covered the floor of the box with poster board that we replaced between
each assay to remove trail pheromones. We first collected five foragers, defined as any
worker outside the nest, from inside the colony container and placed them in a large petri
dish (14 cm in diameter, 2 cm high). We placed the petri dish upside-down in the middle
of a circular arena (28 cm in diameter, 10 cm high) in the center of the filming box. We
waited five minutes to give the workers time to settle down after being handled. After the
five minutes, we gently removed the petri dish so the workers were free to move around
the arena and filmed the workers exploring the arena for 15 minutes. Next, we replaced
the poster board inside the filming box and placed the five foragers, all remaining
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foragers from inside the colony container, and the nest containing the rest of the workers,
the queens, and the brood inside a petri dish. We placed the petri dish containing the
entire colony upside-down in the center of the arena and waited five minutes before
lifting the petri dish and filming for 15 minutes. In the foraging assay (B), we placed a
food-soaked cotton ball on the plateau of a 3D printed ramp (4.5 cm wide, 2 cm high; 10
cm in length: incline = 5 cm, plateau = 5 cm). We placed a colony container (8.5 cm x
10.5 cm x 10.5 cm) inside the filming box and put the ramp against the wall on the
opposite side of the nest. All four sides of the filming box were lined with LED light
strips. Once an ant first discovered the food, we started filming and filmed for one hour.
If no ant discovered the food in 30 minutes, we started the recording.
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Supplemental figure 2-3. A diagram showing the setup of the aggression assay. We first
collected twenty foragers of each species and placed them in separate small petri dishes
(3.5 cm in diameter, 0.75 cm high). We placed both small petri dishes upside down in a
large petri dish for five minutes before lifting both petri dishes and allowing the workers
of both species to interact. Every 5 minutes for one hour, we recorded the number of M.
pharaonis workers that were biting M. dichroum workers. We also recorded the number
of workers of each species that were killed during the assay. Note: only 10 ants are
shown in the diagram but 40 total ants (20 from each species) were used in each assay.
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CHAPTER 3
ANT CUTICULAR HYDROCARBONS ARE HERITABLE AND ASSOCIATED
WITH VARIATION IN COLONY PRODUCTIVITY1
ABSTRACT
In social insects, cuticular hydrocarbons function in nestmate recognition and also
provide a waxy barrier against desiccation, but basic evolutionary features, including the
heritability of hydrocarbon profiles and how they are shaped by natural selection are
largely unknown. We used a new pharaoh ant (Monomorium pharaonis) laboratory
mapping population to estimate the heritability of individual cuticular hydrocarbons,
genetic correlations between hydrocarbons, and fitness consequences of phenotypic
variation in the hydrocarbons. Individual hydrocarbons had low to moderate estimated
heritability, indicating that some compounds provide more information about genetic
relatedness and can also better respond to natural selection. Strong genetic correlations
between compounds are likely to constrain independent evolutionary trajectories, which
is expected given that many hydrocarbons share biosynthetic pathways. Variation in
cuticular hydrocarbons was associated with variation in colony productivity, with some
hydrocarbons experiencing strong directional selection. Altogether, this study builds on
our knowledge of the genetic architecture of the social insect hydrocarbon profile and
indicates that hydrocarbon variation is shaped by natural selection.
________________
1
This chapter has been published as a journal article: Walsh, J., Pontieri, L., d'Ettorre, P.
& Linksvayer, T. A. 2020. Ant cuticular hydrocarbons are heritable and associated with
variation in colony productivity. Proceedings of the Royal Society B: Biological Sciences
287: 20201029
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INTRODUCTION
The ability to discriminate between kin and non-kin promotes the evolution and
maintenance of sociality because it allows altruistic behaviors to be directed towards
related individual (Hamilton 1964). Nestmate recognition, the process by which social
insects recognize individuals belonging to their colony, is encoded by cuticular
hydrocarbons, apolar lipids found on the cuticle of the majority of insect taxa that
primarily function as a waxy barrier that prevents desiccation Bonavita-Cougourdan et al.
1987; Lahav et al. 1999; Lenoir et al. 1999; Greene & Gordon 2007; van Zweden &
d’Ettorre 2010). Within a social insect species, individuals have qualitatively similar
hydrocarbon profiles but the profile differs in relative proportions depending on the
colony of origin. Cuticular hydrocarbons are homogenized throughout a colony via
trophallaxis (the exchange of regurgitated liquid) and allogrooming between colony
members (van Zweden & d’Ettorre 2010; van Zweden et al. 2009, 2010; Leonhardt et al.
2016), creating a gestalt colony odor (Crozier & Dix 1979). In addition to nestmate
recognition and desiccation prevention, social insects also rely on hydrocarbons to
encode information about an individual’s reproductive and dominance status and task
within the colony (Greene & Gordon 2003; Martin & Drijfhout 2009; Leibig 2010).
Despite the central role of cuticular hydrocarbons in insect societies, we still
know very little about fundamental genetic and evolutionary features shaping them,
including the relative contribution of genetic and environmental factors to phenotypic
variation in hydrocarbon profiles within and between colonies (Menzel et al. 2017a,
2017b) , and how natural selection acts on this variation. Numerous studies have
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demonstrated that the social insect hydrocarbon profile is influenced by genotype, by
tracking familial lines (van Zweden & d’Ettorre 2009; Nehring et al. 2011; Martin et al.
2012, 2013), using cross-fostering designs (van Zweden et al. 2010), or demonstrating an
association between hydrocarbon diversity and within-colony genetic variation (Dronnet
et al. 2006; Menzel et al. 2016). However, very few studies have examined the
underlying genetic architecture of social insect hydrocarbons within a formal quantitative
genetic framework (Boomsma et al. 2003). Traditional quantitative genetic crossing and
pedigree-based mapping populations provide a powerful means to elucidate the
contribution of genetic and environmental factors to variation in hydrocarbon profiles
(Thomas & Simmons 2008; Niehuis et al. 2011; Sharma et al. 2012; Dembeck et al.
2015; Berson et al. 2019).
The genetic architecture of social insect cuticular hydrocarbons is expected to be
more complex than solitary insect cuticular hydrocarbons because it depends on the
collective genetic makeup of the colony (Linksvayer 2006, 2015). In social insects, the
hydrocarbon profile of each individual can be made up of compounds synthesized
directly by the individual itself, as well as compounds synthesized by nestmates and
socially transferred to the individual [6-9, 28]) (van Zweden & d’Ettorre 2010; van
Zweden et al. 2009, 2010; Leonhardt et al. 2016; Linksvayer 2015). More generally, in
social organisms such as social insects, an individual’s own traits can be influenced
directly by its own genotype (i.e. direct genetic effects) but also indirectly via the
genotype of social partners (i.e. indirect genetic effects; Linksvayer 2006, 2015).
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To fully understand the hydrocarbon profile’s potential evolutionary response to
natural selection, in addition to understanding quantitative genetic parameters such as
heritability and genetic correlations, we must also understand the fitness consequences of
phenotypic variation in the hydrocarbon profile. Knowledge of the fitness consequences
of trait variation is necessary to characterize the type (e.g., directional, stabilizing, or
disruptive) and strength of natural selection acting on a trait (Lande & Arnold 1983;
Arnold & Wade 1984; Janzen & Stern 1998; Morrissey & Sakrejda 2013). Variation in
the social insect hydrocarbon profile may affect individual survival and colony
productivity by affecting desiccation resistance (Gordon 2013; Buellesbach et al. 2018;
Sprenger et al. 2018; Friendman et al. 2019) or by influencing chemical communication
among nestmates and the collective behavior of the colony (Greene & Gordon 2003;
Martin & Drijfhout 2009; Leibig 2010; Buellesbach et al. 2018).
Hydrocarbon structural classes (i.e. alkenes, linear alkanes, monomethyl alkanes,
and dimethyl alkanes) have distinct functional properties that are likely to influence the
roles they play in insect societies and how they are shaped by natural selection (Menzel et
al. 2016, 2017; Martin & Drijfhout 2009; Menzel et al. 2019) . Linear alkanes provide the
best desiccation resistance because these molecules tightly aggregate (Martin & Drijfhout
2009; Gibbs & Rajpurohit 2010). On the other hand, alkenes and monomethyl and
dimethyl alkanes are expected to play a larger role in chemical communication because
they can be distinguished by the position of their double bond or of the methyl group(s),
while linear alkanes can only be distinguished based on their chain length (Gibbs &
Pomonis 1995; Bos et al. 2012). This increased complexity allows alkenes and
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monomethyl and dimethyl alkanes to encode more information. There is evidence that
linear alkanes are less heritable and not transferred between workers as much as
monomethyl and dimethyl alkanes, suggesting that linear alkanes are less informative for
nestmate recognition (van Zweden et al. 2010).
Here, we use a genetically highly variable laboratory population of pharaoh ant
(Monomorium pharaonis) (Pontieri et al. 2017; Walsh et al. 2019). We extracted
hydrocarbons from pools of workers and used the pedigree information of the colonies to
estimate the heritability of and the genetic correlations between hydrocarbons.
Additionally, we used a random forest analysis to identify hydrocarbons that best
discriminate between our M. pharaonis colony genotypes. Finally, we estimated the
strength and pattern of natural selection putatively acting on hydrocarbons in the
laboratory.

METHODS
Experimental design and colony maintenance
M. pharaonis colonies primarily live in association with humans both in the tropics in
their presumed native range and in introduced temperate regions (Wetterer 2010).
Colonies contain multiple queens and produce new colonies by budding (Passera 1994;
Buczkowski & Bennett 2009). We used 48 lab reared M. pharaonis colonies (hereafter
“colony genotypes”) of known pedigree from our heterogeneous stock mapping
population, which was created from eight initial lab stock colonies that were
systematically intercrossed for nine generations (see Pontieri et al. 2017; Walsh et al.
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2019 for details). We split each colony genotype into three equally sized replicates
(hereafter “colony replicates”) that initially consisted of 4 queens, 400 ± 40 workers, 60 ±
6 eggs, 50 ± 5 first instar larvae, 20 ± 2 second instar larvae, 70 ± 7 third instar larvae, 20
± 2 prepupae, and 60 ± 6 worker pupae (Supplementary figure 3-1). These colony
demographics represent a typical distribution found in a relatively small M. pharaonis
colony (Buczkowski & Bennett 2009; Warner et al. 2018). We set up these colonies in
separate blocks (usually consisting of 15 to 18 replicate colonies) between May and
Novemeber 2016.
We maintained all colony replicates on a 12:12 hour light:dark cycle and at 27 ± 1
°C and 50% relative humidity. We fed each colony replicate twice per week with an agarbased synthetic diet (Dussutour & Simpson 2008) and mealworms. Water was provided
ad libitum via a glass tube plugged with cotton. Colony replicates nested between two
glass slides (5 cm x 10 cm) housed in a plastic container (18.5 cm x 10.5 cm x 10.5 cm)
lined with FluonⓇ.
Behavioral and colony productivity data collection
As reported in Walsh et al. (2019), we surveyed each colony replicate for five collective
behaviors and two measures of colony productivity (Supplementary figure 3-1): 1)
foraging, 2) aggression, 3) exploratory rate, 4) group exploration, and 5) colony
exploration (see [43] for details). After we completed the behavioral assays, the queens
from each colony replicate were removed to trigger the production of new queens and
males (Edwards 1991; Walsh et al. 2018). We conducted weekly surveys of the number
of worker, gyne (i.e. virgin queens) and male pupae produced, until all brood matured.
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We quantified 1) the total number of sexual pupae (i.e. gynes plus males) and 2) the total
number of worker pupae as measures of colony productivity. Many of the collective
behaviors were phenotypically correlated with each other and foraging and exploratory
rate were associated with colony productivity (see Walsh et al. 2019 for full details).
Collection, extraction and analysis of cuticular hydrocarbon samples
Upon completion of behavioral and productivity surveys, from each colony replicate we
collected three samples, each consisting of 15 workers, for the extraction and analysis of
cuticular hydrocarbons (Supplementary figure 3-1). To extract the mean cuticular
hydrocarbon profile of each replicate colony, we transferred each group of workers into a
clean 2 mL glass vial and rinsed in 200 μl of HPLC grade (99%) pentane for 10 min. We
injected 3 μl of each extract into an Agilent 6890N gas chromatograph (GC) coupled with
a 5375 Agilent mass spectrometer. We identified 34 chemical compounds (Figure 3-1a)
by their retention times, fragmentation patterns and comparison with published results
(Schmidt et al. 2010); van Zweden et al. 2014). We integrated the area under each peak
using MSD Chemstation. As they had similar retention times, some compounds co-eluted
into the same peak (Peak 2: y-C25:1 with Peak 3: n-C25; Peak 27: x-C31:1 with Peak 28: yC31:1; Figure 3-1a). We combined the areas of each co-eluting pair, leaving 32 peaks
available for statistical analysis. We discarded 175 out of 432 cuticular hydrocarbon
samples due to contamination and other technical failures, leaving 257 samples from 111
colony replicates (48 colony genotypes) for statistical analysis.
Statistical analyses
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We standardized the raw hydrocarbon peak areas of each sample using the log-ratio
transformation (Aitchison 1982), as has commonly been used in the analysis of
hydrocarbon data. As in our dataset some samples had zero area values for certain peaks,
we added a small constant value (0.001) to each peak prior applying the transformation
(Geiselhardt et al. 2012; Finck et al. 2016). We also separately used a multiplicative
simple replacement method (Martín-Fernández et al. 2003) to deal with the zeros to
verify our results (see Results section).
For each colony replicate, we had a single measure for each of the five collective
behaviors and for colony productivity but as many as three measures for hydrocarbon
peak values. Therefore, we used the mean hydrocarbon replicate value when estimating
phenotypic correlations and selection gradients (see below). We performed all statistical
analyses in R version 3.4.1 (R Core Team 2013).
Heritability and genetic correlations estimates of cuticular hydrocarbon compounds
To assess narrow sense heritability (h2; defined from 0 to 1) and genetic correlations (rG;
defined from -1 to 1) of cuticular hydrocarbon compounds, we analyzed our data using
the “animal model” approach (Wilson et al. 2010) with the R package “MCMCglmm”
(Hadfield 2010). This mixed-effect model uses a Bayesian Markov chain Monte Carlo
(MCMC) approach to decompose phenotypic variance into its genetic and environmental
components, allowing the estimation of quantitative genetic parameters. In an animal
model, the pedigree of many individuals is used to make inferences about expected
patterns of genetic relatedness, and together with observed patterns of phenotypic
resemblance among individuals, heritability for measured traits, and genetic correlations
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between traits are estimated. We treated our replicate colonies as “individuals” in an
animal model, and the pedigree of each colony traced the parents of the worker offspring
through the mapping population. While the hydrocarbon profile of each individual
worker is expected to depend both directly on its own genotype (direct genetic effects)
and indirectly on the genotypes of its nestmates (indirect genetic effects; van Zweden et
al. 2010; Linksvayer 2006), our approach does not enable us to estimate the separate
contributions of these direct and indirect genetic effects to the observed composite
hydrocarbon profile of our replicate worker groups. That is, we cannot quantify the
degree to which the hydrocarbon profile of each individual depends on compounds
synthesized by that individual, as opposed to compounds synthesized by social partners,
but we can quantify the degree to which phenotypic variation in the hydrocarbon profile
of groups of workers is predicted by the genotypic makeup of those workers. Similarly,
previous animal breeding studies have shown that the total contribution of direct and
indirect genetic effects to total genetic variance and total heritability can be estimated by
quantifying phenotypic variation among groups of individuals (e.g. Peeters et al. 2013),
although it is not possible to empirically tease apart the separate contribution of direct
and indirect genetic effects.
We ran Bayesian univariate models to estimate the heritability of each
hydrocarbon compound, and bivariate models (one for each pairwise combination of
hydrocarbon variables) to calculate genetic correlations between compounds.
Additionally, to verify the results of our univariate heritability models, we ran bivariate
models for all combinations of hydrocarbons and took the average of these to get an
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additional heritability estimate for each hydrocarbon. Univariate and bivariate models
had the same random and fixed effect structure, and differed only in terms of priors
specification. We included in the models individual ID, environmental variance, and
block (samples were collected at different time points) as random factors.
Linear and quadratic selection gradients estimates
The total number of new reproductives (gynes and males) produced by colonies is a
natural measure of colony-level investment in reproduction, and hence a measure of
colony-level fitness (Wagner & Gordon 1999). However, because M. pharaonis queens
cannot form new colonies without workers (i.e. colonies reproduce by budding; Passera
1994; Buczkowski & Bennett 2009), we also quantified a second measure of colony-level
fitness, the total number of new workers produced. We estimated strength and type of
selection (e.g., directional, stabilizing, or disruptive) acting on individual hydrocarbons
using a regression approach (Morrissey & Sakrejda 2013). Briefly, we first estimated the
fitness function relating colony productivity to the abundance of a specific hydrocarbon
with a generalized additive model (GAM), using the R package “mgcv” (Wood 2017).
Then, we obtained linear (β) and quadratic (ℽ) selection gradients from the fitted GAM
model using the function gam.gradients in the package “gsg” (Morrissey & Sakrejda
2014). Prior to running the model, hydrocarbon variables were mean-centered and
variance standardized. We adjusted P-values using the false discovery rate (FDR)
method.
Principal component analysis
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Our heritability and selection gradient estimates described above are univariate, rather
than multivariate, because mixed models can experience issues with model convergence
when a large number of traits are included in one model (Wilson et al. 2010; Lihoreau et
al. 2016). To also consider multivariate models, we first conducted a principal
components analysis (PCA) to reduce the dimensionality of our dataset. We included 29
of the 32 hydrocarbons in the PCA, excluding the three hydrocarbons (peaks 23, 26, and
31) that had zero values in the data. We excluded these peaks because PCA is very
sensitive to small values, and samples with zeros were clear outliers in a PCA including
them (results not shown). We kept the first eight principal components (PCs) which
explained approximately 90% of the variation in our dataset. We subsequently used the
same approaches described above to estimate the heritability and selection gradients of
the eight PCs, but included all eight PCs in all models. We did not estimate the genetic
correlations between the PCs because, by definition, PCs are orthogonal to each other and
therefore unlikely to be correlated.
Correlation between hydrocarbon compounds and collective behaviors
We ran Spearman’s rank-order correlations to evaluate the strength and direction of
association between cuticular hydrocarbons and collective behaviors. We ran a model
between each compound and each of the five collective behaviors (160 models in total;
Walsh et al. 2019), with adjusted P-values using the false discovery rate (FDR) method.
Random forest classification analysis
Finally, we used a random forest (“RF”) classification analysis (Breiman 2001) to
determine which cuticular hydrocarbon peaks can best discriminate across the 48 colony
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genotypes. Although this method does not take into account pedigree relationships, it can
provide hints about which hydrocarbons are more variable among colony genotypes, thus
highlighting compounds that might be involved in nestmate recognition. We ran a
stratified sampling RF classification model with replacement using the R package
“randomForest” (Liaw & Weiner 2001), and we considered hydrocarbon samples from
colony replicates belonging to the same colony genotype as part of one of the 48 colony
genotypes classes. We used the mean decrease in model accuracy (MDA) (Cutler et al.
2007) to interpret hydrocarbons importance in classifying the colony genotypes. We
tested whether hydrocarbon structural classes varied in their ability to discriminate
between colony genotypes using a linear model.

RESULTS
Heritabilities and genetic correlations
We estimated the heritability of individual hydrocarbons to be between 0.006 and 0.36,
with a median estimated heritability of 0.17, in our univariate models (Figure 3-1b). The
mean of our bivariate heritability estimates was very similar to our univariate estimates
(Supplementary figure 3-2). We estimated the heritability of the eight PCs to be
between 0.004 and 0.20, with a median estimated heritability of 0.15 (Supplementary
figure 3-3). Our pairwise genetic correlations estimates indicate that strong genetic
correlations are common as 203 out of 503 (40.3%) estimates were greater than 0.2 or
less than -0.2 and most of these (167) were positive (Figure 3-2). Strong, positive genetic
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correlations were especially common between two linear alkanes or between two alkenes
(Figure 3-2).
To ensure the additions of a small constant value did not skew our results, we also
tried a multiplicative simple replacement method (Martín-Fernández et al. 2003) to deal
with the zeros in our data. Using this approach, we re-estimated the heritability of and
genetic correlations between a subset of our hydrocarbons, focusing on the three peaks
(23, 26, and 31) that contained zeros. The heritability and genetic correlation estimates
were extremely similar between the two methods of dealing with zeros.
Selection gradients
Our two definitions of fitness (the production of reproductives and workers) were
positively correlated (Spearman rank, rho = 0.611, p < 0.001). We found evidence for
significant positive or negative linear selection for 10 and 6 hydrocarbons when defining
fitness as the production of reproductives or workers, respectively (Figure 3-3). All
quadratic selection estimates were not significant. Additionally, we found evidence for
positive linear selection on the first PC when defining fitness as the production of
workers.
Phenotypic correlations
We found significant phenotypic correlations between individual hydrocarbons and four
of the five collective behaviors (foraging, aggression, colony exploration, and group
exploration) (Supplementary figure 3-4). We found that 20 of the 32 hydrocarbons were
correlated with foraging, 9 with group exploration, 2 with aggression, and 1 with colony
exploration.
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Random forest analysis
The error rate of the RF model was 17.1%, indicating that most of the hydrocarbon
samples were assigned to the correct colony genotype. Two compounds, 11,15-diMeC27
and 7-MeC27, showed the best discrimination accuracy (Supplementary figure 3-5).
Alkenes (t = 2.743, p = 0.011) and monomethyl alkanes (t =2.261, p = 0.032) showed
higher discrimination power than linear alkanes. There were no other differences in
discrimination accuracy among pairwise combinations of structural classes.

DISCUSSION
In solitary insects, many studies have characterized the heritability (e.g. Thomas
& Simmons 2008; Sharma et al. 2012) and patterns of natural and sexual selection
shaping the cuticular hydrocarbon profile (e.g. Blows 2002; Foley et al. 2007; Berson et
al. 2019). In contrast, little is known about the heritability and patterns of natural
selection shaping the cuticular hydrocarbon profiles in social insects, despite the wellknown role that cuticular hydrocarbon profiles play in nestmate recognition, intra-colony
signaling of task, and reproductive and dominance status (Boomsma et al. 2003; van
Zweden et al. 2010; Leibig 2010). Here, we begin to elucidate the genetic architecture
underlying variation in the hydrocarbon profile and to characterize how selection acts on
it in a laboratory population of the ant Monomorium pharaonis. We provide evidence that
the hydrocarbon profile is heritable, shaped by selection, and that many hydrocarbons,
especially linear alkanes and alkenes, are genetically correlated with each other.
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We estimated the total heritability of individual hydrocarbons to be between 0.006
and 0.36 with a median of 0.17 (Figure 3-1b). Our heritability estimates of PCs were
very similar, between 0.004 and 0.20 with a median of 0.14. These estimates are broadly
similar to estimated heritability for collective behavior, body size, caste ratio, and sex
ratio made with the same population (Walsh et al. 2019), and are also similar to the range
of heritability for individual hydrocarbons estimated from solitary and gregarious insect
populations (e.g. Thomas & Simmons 2008; Sharma et al. 2012; Lihoreau et al. 2016).
We expected that compounds with high heritability estimates would also be among the
best at distinguishing between colony genotypes in the random forest analysis. In
accordance with this prediction, the two compounds with the highest heritability
estimates (11,15-diMeC27 and 7-MeC27) were also two of the top three compounds at
distinguishing between colony genotypes in the random forest analysis. Many of the
compounds with relatively high heritability in our study were also highly variable in a
previous study of variation in hydrocarbon profiles among 36 M. pharaonis colonies
collected at sites around the world (Schmidt 2010). Our study, together with this previous
study, indicates that heritable variation for many cuticular hydrocarbons is maintained in
M. pharaonis, both in our laboratory mapping population and in nature.
As described above, cuticular hydrocarbons play key roles in nestmate
recognition, and hence mediate aggression between colonies. However, the degree to
which the necessary variation for genetically-based recognition cues is maintained within
populations remains broadly unclear (Rousset & Roze 2007). Our results indicate that
most compounds making up the cuticular hydrocarbon profile harbor genetic variation
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that could be informative for genetically-based nestmate recognition or mate choice.
Alkenes and monomethyl and dimethyl alkanes are expected to play a larger role in
chemical communication (e.g., nestmate recognition) than linear alkanes because they
can be distinguished by the position of the double bond or methyl group(s), while linear
alkanes can only be distinguished based on their chain length (Gibbs & Pomonis 1995;
Bos et al. 2012). In support of this prediction, previous work in ants found that
monomethyl alkanes were more heritable than linear alkanes, suggesting that
monomethyl alkanes are better indicators of colony membership (van Zweden et al.
2010). Our results mostly support this prediction as well. For example, our random forest
analysis revealed that alkenes and monomethyl alkanes had a higher discrimination
power than linear alkanes (Supplementary figure 3-5).
The genetic correlation estimates between many pairs of hydrocarbons were high,
in particular between pairs of linear alkanes or alkenes (Figure 3-2). Similarly, previous
studies in fruit flies found many strong positive genetic correlations between individual
hydrocarbons (Sharma et al. 2012; Ingleby et al. 2013). Such genetic correlations
between hydrocarbons are not surprising, especially between compounds of the same
structural class, because the production of different hydrocarbons involves many of the
same biosynthetic processes (reviewed by Ginzel & Blomquist 2016). Overall, these
genetic correlations mean that the independent evolution of hydrocarbons will be
constrained to some degree.
Our study is the first social insect study to link variation in cuticular hydrocarbons
with variation in colony productivity, although previous social insect studies have linked
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variation in cuticular hydrocarbons to worker survival (Sprenger et al. 2018) or to
climatic or biotic variation (Menzel et al. 2016, 2017; Buellesbach et al. 2018; Sprenger
et al. 2018). We defined fitness in two ways: as the production of either new
reproductives or new workers. Interestingly, we found similar linear selection patterns
using both definitions, as all significant linear estimates were in the same direction
between the two fitness measures (Figure 3-3). This suggests that the hydrocarbon
profile optima are largely aligned for the production of both reproductives and workers in
our study population. We note that a study of natural selection in a natural population of
the red harvester ant Pogonomyrmex barbatus found no relationship between the number
of gynes a colony produced and the number of its daughter colonies that survived at least
one year (Ingram et al. 2013), calling into question whether the number of reproductives
produced by a colony is actually a good measure of fitness. However, this is likely in part
because of very high mortality by queens attempting to found colonies independently
(Wilson 1971; Marti et al. 2015), and this high variation in the mortality of new queens
can be considered a component of offspring (i.e. new queen) fitness that depends on new
queen traits, and not parent fitness that depends on the traits of the parental colony (see
Wolf & Wade 2001). Moreover, we suggest that considering both the number of new
reproductives and the number of new workers produced are likely better estimates of
colony-level fitness in a species like M. pharaonis that reproduces by budding, where
new queens do not found new colonies independently, but are accompanied by multiple
other queens and workers.
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These selection results beg the question: what is the likely causal link between
variation in worker cuticular hydrocarbons and variation in colony productivity in our
laboratory study population? Interestingly, in our study population, the relative
abundance of many cuticular hydrocarbons was phenotypically correlated with the
collective behavior of replicate colonies (Supplementary figure 3-4), in particular the
foraging rate, which in turn was also positively associated with colony productivity
(Walsh et al. 2019). This relationship between variation in cuticular hydrocarbon profile,
foraging rate, and colony productivity could be mediated by effects of hydrocarbons on
the desiccation resistance of workers (Gordon 2013; Friedman et al. 2019). However, our
colonies likely experienced relatively low water stress since the colonies were kept in
climate controlled chambers at 50% humidity, and the colonies always had access to
water. Alternatively, we speculate that worker hydrocarbon profiles might influence
colony-level division of labor or task allocation (Wagner et al. 1998, 2001; Greene &
Gordon 2003; Martin & Drijfhout 2009; Friedman et al. 2019), which could in turn
influence foraging rate and colony productivity. As described above, in addition to effects
on desiccation resistance, ant cuticular hydrocarbons are well known to influence
nestmate recognition and inter-colonial aggression in many ant species, including M.
pharaonis (Pontieri 2014). However, colonies in our study were isolated from each other
throughout the course of the study, so that differences in the outcome of aggressive
encounters between colonies that likely contribute to differences in nature for colony
survival and productivity (Reeve & Hölldobler 2007) cannot explain the patterns of
selection on hydrocarbon profile that we observed in our laboratory population.
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Similarly, while cuticular hydrocarbon profiles might also mediate mate choice in M.
pharaonis, such a mechanism could not explain the association between worker
hydrocarbons and colony productivity that we observed.
An interesting complication of the genetic architecture of social insect cuticular
hydrocarbon profiles is that the social environment experienced by each individual within
a social insect colony strongly influences its hydrocarbon profile, since hydrocarbons are
mixed throughout the colony via trophallaxis and allogrooming between colony members
(Lenoir et al. 1999; van Zweden et al. 2009, 2010; van Zweden & d’Ettorre 2010. As a
result, the genetic architecture of the hydrocarbon profile, like other socially-influenced
traits, depends on the collective genetic makeup of colonies (Linksvayer 2006, 2015).
Because we quantified the cuticular hydrocarbon profile of groups of workers from each
colony, we were not able to distinguish between hydrocarbons that were readily
transferred among nestmates and those that were only produced by a subset of workers
and not transferred (see van Zweden et al. 2010), or to separately estimate the
contribution of variation in direct versus indirect genetic effects to estimated total
heritability (Peeters et al. 2013; Brinker et al. 2017). Furthermore, we were not able to
consider differences in cuticular hydrocarbons between individual workers based on age,
task within the colony, or differences in genotypes within a colony.
We conducted the current study in a laboratory environment, which enabled us to
strictly control the colony demography (i.e. queen number, worker number, etc.), diet,
and environmental conditions experienced by the colonies. Such control in particular is
valuable given the complexity of social insect colonies (Linksvayer 2006; Kronauer &
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Libbrecht 2018) and the sensitivity of the hydrocarbon profile to changes in the
environment or diet (Liang & Silverman 2000; Buczkowski et al. 2005; van Zweden et al.
2009; Menzel et al. 2017a, 2017b). Because M. pharaonis tends to be found in
association with humans, we speculate that the laboratory conditions of our study might
be more similar to the natural conditions experienced by M. pharaonis, when compared
with other non-synanthropic species. Although future field studies are necessary, in
particular to determine how variation in cuticular hydrocarbons affects colony
productivity in a natural setting and whether the patterns of selection we observed in the
laboratory are consistent in nature, a field study on a similar scale as our study is likely
not feasible.
Overall, this study increases our understanding of the genetic architecture of the
hydrocarbon profile and demonstrates that the hydrocarbon profile is shaped by natural
selection. Although numerous genes underlying variation in the hydrocarbon profile have
been identified in Drosophila (Dembeck et al. 2015), the hydrocarbon profile performs
different functions in social insects and therefore future studies should focus on
determining whether the same genes are involved in the expression of social insect
hydrocarbon profiles, and how variation in these genes affects variation in the
hydrocarbon profile. For example, a recent study used a candidate gene approach and
found that inotocin, a peptide similar to oxytocin/vasopressin, regulates the production of
hydrocarbons in the ant Camponotus fellah (Koto et al. 2019). Future studies should use
unbiased approaches such as quantitative trait locus (QTL) mapping in mapping
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populations (e.g. Valdar et al. 2006) such as ours, and association mapping in natural
populations (e.g Kocher et al. 2018).
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Figure 3-1. (a) GC-MS spectrum of M. pharaonis cuticular hydrocarbons. All 34
identified peaks are numbered and color-coded by structural class. Unidentified peaks
were either contaminants or unidentifiable compounds. (b) Caterpillar plot showing
heritability estimates of individual hydrocarbon compounds, with associated 95%
confidence intervals, obtained from univariate animal models. Peak numbers showed in
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(a) are reported below the corresponding compound(s). Compounds in the plot are
grouped and color-coded by structural class and ordered by chain length (linear alkanes
and alkenes) or by chain length and methyl position (mono- and dimethyl alkanes).
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Figure 3-2. Heatmap showing genetic correlation estimates among cuticular
hydrocarbons obtained from bivariate animal models. Compounds are grouped by
structural class and ordered by chain length (linear alkanes and alkenes) or by chain
length and methyl position (mono- and dimethyl alkanes). Different colors indicate the
magnitude and direction of the correlation.
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Figure 3-3. (a) Caterpillar plot showing linear selection estimates, with associated casebootstrapped standard errors, for individual hydrocarbons using sexual pupae production
as a measure of colony fitness. Compounds in the plot are grouped and color-coded by
structural class and ordered by chain length (linear alkanes and alkenes) or by chain
length and methyl position (mono- and dimethyl alkanes). Compounds showing a
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statistically significant selection gradient are labelled in bold. (b) and (c) show
representative fitness landscapes for sexual pupae production as a function of population
mean phenotype values of y-C29:1 and n-C26, respectively.
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Supplementary figure 3-1. Experimental design and sampling scheme for one of the 48
colony genotypes. Note that the number of queens, workers and brood shown is not
meant to represent the actual composition of the colonies (see the methods section for
information about colony replicates demographics).
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Supplemental figure 3-2. Caterpillar plot showing heritability estimates of individual
hydrocarbon compounds, with associated 95% confidence intervals. The red points show
estimates from univariate animal models. The blue points show the mean estimates of all
pairwise combinations between hydrocarbons in bivariate animal models.
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Supplemental figure 3-3. Caterpillar plot showing heritability estimates of the first eight
principal components, with associated 95% confidence intervals, obtained from
multivariate animal models.
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Supplementary figure 3-4. Heatmap showing phenotypic correlations between the five
collective behaviors and individual hydrocarbons. Compounds are grouped by structural
class and ordered by chain length (linear alkanes and alkenes) or by chain length and
methyl position (mono- and dimethyl alkanes). Cell color represents magnitude and sign
of the Spearman rank correlation coefficient. Asterisks within cells represent statistically
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significant associations (“*” = p < 0.05; “**” = p < 0.001; false discovery rate adjusted pvalues).
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Supplementary figure 3-5. Random forest variable importance plot showing the power
of individual compounds to discriminate among colony genotypes (expressed as mean
decrease in model classification accuracy when the variable is not included). Higher
values indicates higher discrimination power. Compounds in the plot are grouped and
color-coded by structural class and ordered by chain length (linear alkanes and alkenes)
or by chain length and methyl position (mono- and dimethyl alkanes).
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CHAPTER 4
GWAS IN AN ANT IDENTIFIES CANDIDATE GENES UNDERLYING
VARIATION IN COLLECTIVE BEHAVIOR, BODY SIZE, CASTE RATIO, AND
COLONY PRODUCTIVITY

ABSTRACT
Recent research has focused on documenting variation among groups in collective
behavior and understanding how this variation arises. However, we know little about
genetic variation underlying collective behavior which would allow us to better
understand the molecular mechanisms underlying collective behavior and how it evolves.
In this study, we use a new pharaoh ant (Monomorium pharaonis) laboratory mapping
population to perform genome-wide association studies for three collective behaviors
(exploration, aggression, and foraging) as well as body size, caste and sex ratio and
numerous colony productivity measurements. We found 14, 6, and 4 SNPs significantly
associated with three different measures of exploration and significantly enriched gene
ontology terms included terms for chemotaxis, locomotion, and response to external
stimulus. Some of these SNPs were within or nearby genes that have been implicated in
neurological disorders or in the development of the visual system. Additionally, we found
SNPs significantly associated with worker body size, colony caste ratio, and colony
productivity measurements. Many of these SNPs were located within or nearby
biologically compelling candidate genes. Overall, our results begin to identify genes
underlying variation in collective behavior and other colony-level traits, suggest that
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segregating variation underlying these traits of interest is likely common across all social
insects, and pave the way for further studies of the evolution and genetic basis of these
traits.

INTRODUCTION
Collective behavior operates without central control via regulation by local
interactions (Gordon 2014, 2016). Collective behaviors are widespread in nature and
examples include schools of fish, flocks of birds, and herds of ungulates. Recent research
has focused on documenting variation among groups in collective behavior (e.g. Gordon
1991; Gordon et al. 2011; Jandt et al. 2014; Bengston & Jandt 2014; Wright et al. 2019)
and elucidating the social mechanisms by which variation in collective behavior arises
(Jandt et al. 2014; Bengston & Jandt 2014; Jandt & Gordon 2016). However, we know
very little about the molecular genetic mechanisms underlying collective behavior and
how DNA sequence variation contributes to variation in collective behavior.
Identifying the genes underlying a trait allows us to begin to understand the
molecular mechanisms by which genes influence a trait, how these genes contribute to
genetic variation for the trait within the population, and how the trait evolves. Previous
studies have used a range of approaches to elucidate the molecular mechanisms
underlying the expression of behavior and to characterize genetic variation underlying
variation in behavior. Interestingly, only a few studies across all animals have
demonstrated a causal link between an individual’s genotype at a particular location in
the genome and the individual’s behavior. These examples include the foraging gene and
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its association with locomotion in fruit flies (Osborne et al. 1997; Anreiter & Sokolowski
2019) and the effect of the slowpoke gene on mating behavior of male fruit flies (Ding et
al. 2016).
More commonly, studies have used a quantitative trait loci (QTL) mapping
approach to identify region(s) of the genome associated with behavioral variation. For
example, in social insects, QTL mapping has been used to identify genomic regions
underlying variation in foraging behavior (Hunt et al. 1995; Page et al. 2000; Rueppell et
al. 2004a, 2004b, 2006), aggressive behavior (Hunt et al. 1998; Arechavaleta-Velasco &
Hunt 2004), and hygienic behavior (Oxley et al. 2010; Tsuruda et al 2012; Zakar et al.
2014; Kirrane et al. 2015; Spötter et al. 2016) in honey bees (Apis mellifera), and colony
organization in the red imported fire ant (Solenopsis invicta; Ross & Keller 1998; Krieger
& Ross 2002).
Alternatively, researchers have used information about gene function from model
systems such as Drosophila melanogaster to identify candidate genes that may play a
role in behavioral variation in social insects. For example, the ortholog of the fruit fly
foraging gene has been linked to variation in foraging behavior in honey bees (BenShahar et al. 2002, 2003) and foraging, exploration, and aggression in ants (Ingram et al.
2005; Lucas & Sokolowski 2009; Ingram et al. 2016; Bockoven et al. 2017; Page et al.
2018). Finally, researchers have screened for differentially expressed genes and
correlated gene expression differences with social insect behavioral variation. For
example, differential expression of biogenic amines is an important regulator of foraging
levels in ants and honey bees (e.g. Seid & Traniello 2005; Kamhi & Traniello 2013;
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Smith et al. 2013; Friedman & Gordon 2016; Gospocic et al. 2016; Tedjakumala et al.
2017; Friedman et al. 2018, 2020).
Walsh et al. (2019a) quantified a number of collective behaviors (exploration,
foraging, and aggression), body size, and colony productivity from a genetically highly
variable laboratory population of pharaoh ant (Monomorium pharaonis) (Pontieri et al.
2017, Walsh 2019b). They used the pedigree information of the colonies to estimate
heritability of those phenotypes and the genetic correlations between them. Finally, they
estimated the strength of selection acting on these traits. Here, we sequence pools of
workers from the same colonies used in Walsh et al (2019a) to identify genetic variation
underlying variation in collective behavior, body size, and colony productivity. We find
single nucleotide polymorphisms (SNPs) significantly associated with exploratory rate,
and group and colony exploration, worker body size, colony caste ratio, and four colony
productivity measurements. Finally, in order to elucidate putative functional
consequences of this segregating genetic variation, we identified gene ontology (GO)
terms significantly enriched for genes at or near the SNPs we identified.

METHODS
Experimental design and behavioral assays
All M. pharaonis colonies were reared in the lab and derived from eight lab stock
colonies collected from eight different locations across Africa, Asia, Europe, and North
America (Schmidt 2010; Schmidt et al. 2010). The eight initial colonies have been
systematically intercrossed for nine generations to create a mapping population designed
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to be analogous to the mouse heterogeneous stock, which has been used to successfully
elucidate the genetic basis of a range of traits (Mott et al. 2000; Valder et al. 2006). Each
colony in our mapping population is expected to be a unique blend of genetic variation
present in the eight initial stock colonies (Pontieri et al. 2017).
Walsh et al. (2019a) split 81 colony genotypes of known pedigree into three
equally size replicates (243 replicate colonies) and assayed each colony replicate for five
collective behaviors, colony productivity, and worker, gyne, and male body size. We
briefly describe the behavioral assays and other colony measurements below; for a full
description see Walsh et al. (2019a). Walsh et al. measured collective behaviors: 1)
foraging rate (defined as the number of workers that visited a food source in an hour); 2)
aggression (the number of aggressive acts observed in an hour towards workers of a
second species, Monomorium dichroum); and three measures of exploratory behavior, 3)
exploratory rate (a measure of how quickly workers disperse from the nest during the
exploration of a novel arena, Börger & Fryxell 2012); 4) group exploration (the percent
of a novel arena explored by a group of five foragers in 15 minutes) and 5) colony
exploration (the percent of a novel arena explored by the entire colony in 15 minutes).
After the behavioral assays were completed, Walsh et al. removed the queens from the
replicate colonies to stimulate the production of new gynes (virgin queens) and males
(Edwards 1991; Warner et al. 2018). They surveyed the replicate colonies once per week
and counted the number of workers and brood at all developmental stages until all brood
matured into worker, gyne (virgin queens), or male pupae. The weekly surveys allowed
Walsh et al. to calculate colony caste ratio (the number of gynes relative to the total
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number of females produced) and sex ratio (the number of gynes relative to the total
number of gynes + males produced). To measure body size, they collected 15 worker, 10
gyne, and 10 male pupae from each replicate colony and dried the pupae in a drying oven
for 24 hours before weighing. Replicate colonies were set up in different “blocks''
between December 2015 and November 2016. To control for the effect of block, we used
the residuals of linear models for each phenotype over block in subsequent analyses.
Sample collection, genome sequencing, and variant calling
We collected a pool of 45 workers from each replicate colony and extracted DNA using
Qiagen DNeasy kits in accordance with the manufacturer’s instructions. We performed
restriction site associated DNA sequencing (RADseq) using an Illumina HiSeq 2000 at
the Okinawa Institute of Science and Technology Sequencing Center. We checked the
sequencing reads for quality using FastQC (Andrews 2010). Adapters and reads with a
quality score less than 20 were trimmed and removed with Trimmomatic v.0.39 (Bolger
et al. 2014), resulting in clean reads. We mapped the clean reads to the Monomorium
pharaonis genome (GCF_003260585.2) using BWA-MEM (Li 2013). The reference
genome 3.0 contains 9,622 scaffolds, including 11 large (over 14 million base pairs)
scaffolds that likely represent whole chromosomes, with an N50 of ~21,000 and a total
assembly size of ~250 million base pairs. We called SNPs using samtools (Li et al. 2009),
excluding indels, SNPs that were called in fewer than 10% of samples, and sites with
minor allele frequency < 0.01.
Genome-wide associations
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We used GEMMA (Zhou & Stephens 2012) to test for genotype-phenotype associations
by fitting a univariate, linear mixed model. GEMMA controls for relatedness between
samples by including a relatedness matrix as a covariate. We tested for an association
between variation in each phenotype with each SNP and then used an FDR correction to
account for multiple comparisons. To infer which genes the SNP was putatively
functionally associated with (e.g. as a regulatory element), we considered genes within 10
kb in either direction of all SNPs significantly associated with any phenotype.
GO term analysis
We functionally annotated all genes in the M. pharaonis genome by assigning
gene ontology (GO) terms using Trinotate (Bryant et al. 2017) and the Swiss-Prot
database (https://www.uniprot.org/). We further conducted GO term enrichment analysis
using the R package clusterProfiler (Yu et al. 2012). For many of the phenotypes, we had
long lists of significantly enriched GO terms. Therefore, we used REVIGO (Supek et al.
2011) to identify groups of semantically similar GO terms.

RESULTS
After filtering, we included a total of 31,726 SNPs in genome-wide association mixed
models. We found zero SNPs significantly associated with variation in foraging or
aggression but found SNPs significantly associated with all three measures of exploratory
behavior (Figure 4-1, Table 4-1). We found 14 SNPs significantly associated with
variation in exploratory rate. Six of these SNPs were not within 10 kb of any protein
coding gene. The remaining eight SNPs were located within six genes, including genes
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annotated as orthologs of semaphorin-1A-like and Down Syndrome Cell Adhesion
Molecule 2 (Dscam2), and within 10 kb of an additional gene with no annotated ortholog.
We found four SNPs significantly associated with variation in group exploration and
three of these were located within three genes, including a gene annotated as an ortholog
of neuronal acetylcholine receptor subunit alpha-7. We found one SNP associated with
variation in colony exploration and it was located within a gene annotated as an ortholog
of lachesin. No SNPs were significantly associated with more than one measure of
exploration.
We found zero SNPs significantly associated with variation in gyne or male body
mass and 60 SNPs associated with variation in worker body mass (Figure 4-2, Table 41). Of those 60 SNPs, 18 were not located within 10 kb of a protein coding gene. The
remaining 42 SNPs were located within 28 genes, including genes annotated as orthologs
of mTOR, ATP-citrate synthase-like, JNK-interacting protein 1, and Dscam2, and within
10 kb of an additional 23 genes, including genes annotated as orthologs of lysocardiolipin
acyltransferase 1-like, juvenile hormone acid O‐methyltransferase, and tryptophan 5hydroxylase 1.
We found 0 and 28 SNPs significantly associated with variation in sex ratio and
caste ratio, respectively (Figure 4-3, Table 4-1). Of the SNPs associated with caste ratio,
10 were not located within 10 kb of a protein coding gene. The remaining 23 SNPs were
located within 11 genes and within 10 kb of an additional 11 genes, including the gene
annotated as the ortholog of lachesin.
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We used GEMMA to test for phenotype-genotype associations for five colony
productivity measures: colony production of eggs, all brood, workers, gynes, and males.
We found one, zero, one, three, and 127 SNPs significantly associated with variation in
the production of eggs, brood, workers, gynes, and males, respectively (Figure 4-4,
Table 4-1). The SNP associated with egg production was located within 10 kb of a gene
with no annotated ortholog. The SNP associated with worker production was located
within a gene that was annotated as the ortholog of neuronal acetylcholine receptor
subunit alpha-7 and within 10kb of the gene annotated as the ortholog of F-box/LRRrepeat protein 7. None of the three SNPs associated with gyne production were located
within 10 kb of any gene. Finally, of the 127 SNPs associated with male production, 61
were not located within 10 kb of any gene. The remaining 66 SNPs were located within
36 genes, including genes annotated as the orthologs of exuperantia and dachsous, and
within 10 kb of an additional 55 genes.
GO term enrichment analysis
We found significant overrepresentation of genes involved in cell adhesion for all three
exploratory behaviors. GO terms significantly enriched among the three measures of
exploration included terms for chemotaxis, locomotion, dendrite self-avoidance, and
response to external stimulus, abiotic stimulus, and nutrients (Supplementary figures 41, 4-2). GO terms significantly enriched among genes associated with worker mass
included terms for regulation of metabolism, metamorphosis, and response to external
stimulus (Supplementary figure 4-3). GO terms significantly enriched among genes
associated with colony caste ratio included terms for neutrophil activation and response
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to external stimulus. GO terms significantly enriched among genes associated with
worker production included terms for learning, regulation of protein metabolic processes,
and immune system processes. GO terms significantly enriched among genes associated
with male production included terms for metabolic processes, synapse organization, and
compound eye cone cell differentiation.

DISCUSSION
Little is known about the identity of genes underlying variation in collective behavior,
which hinders our ability to understand the molecular mechanisms by which genes
influence behavior and how collective behavior evolves. Here, using a laboratory
population of M. pharaonis that we created for this purpose, we begin to identify SNPs
underlying variation in three different collective exploratory behaviors and also in worker
body size, colony caste ratio, and various colony productivity measurements. We
identified SNPs in or near a number of promising candidate genes whose function has
been investigated in other model species. Overall, our results indicate that our M.
pharaonis population harbors segregating variation at many sites throughout the genome
for at least most of the traits we studied, emphasizing that the genetic basis of these traits
is complex, influenced by many loci. Our study will pave the way for further studies
validating the candidate genes we identified, characterizing the forces governing the
evolution of these genes and the traits we studied.
We identified 14 SNPs within or near seven genes significantly associated with
variation in exploratory rate, four SNPs within three genes associated with variation in
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group exploration, and one SNP within one gene associated with variation in colony
exploration. No SNP was associated with more than one collective behavior. Walsh et al.
(2019a) reported low (< 0.11) genetic correlations between these three behaviors so it is
not surprising that we did not find any overlap among the SNPs associated with the
different behaviors. Enriched GO terms among genes associated with exploratory rate
and group exploration included chemotaxis, locomotion, and response to external stimuli,
suggesting an importance of activity and movement in the variation in our measured
exploratory behaviors. Additional enriched GO terms included nervous system
development and the regulation of photoreceptor cell axon guidance, suggesting possible
roles of the nervous and visual systems underlying variation in the exploratory behavior.
Of the genes associated with our three collective exploratory behaviors, we
identified four interesting candidate genes that may merit functional verification in future
studies: Dscam2, semaphorin-1A-like, neuronal acetylcholine receptor subunit alpha-7,
and lachesin. Dscam2, which was also associated with worker mass, is part of a highly
conserved family of proteins expressed in the nervous system of a wide range of animals
(Barlow et al. 2002; Graveley et al. 2004; Fusaoka et al. 2006). Dscam2 has been shown
to play a role in the development of the visual system in fruit flies (Millard et al. 2007)
and mutant flies suffer in their ability to detect light and motion (Bosch et al. 2015).
Furthermore, both flies and mice lacking Dscam2 have been shown to exhibit abnormal
locomotor behavior (Xu et al. 2011; Bosch et al. 2015; Lemieux et al. 2016).
Additionally, the human homolog of Dscam2 is overexpressed in the brain of individuals
with Down Syndrome (Saito et al. 2000) where it disrupts dendritic growth (Pérez-Núñez
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et al. 2016). In the nematode Caenorhabditis elegans, increased exploratory behavior has
been linked to a duplication of the rcan-1 gene, which contributes to Down Syndrome
(Fuentes et al. 2000; Arron et al. 2006) and Alzheimer’s phenotypes (Martin et al. 2012)
in humans. Our results add to the growing body of evidence that Dscam2 and other genes
implicated in Down Syndrome play a role in locomotor and exploratory behavior.
In addition to Dscam2, we identified another gene associated with exploratory
behavior, semaphorin-1A-like, that encodes a transmembrane protein that plays a role in
the development of the visual system by directing the growth of cones (Cafferty et al.
2006; Mysore et al. 2014). It is possible that genetic variation in Dscam2 or semaphorin1A-like in M. pharaonis influences the visual system which could contribute to variation
in exploratory behavior. Interestingly, the orthologs of Dscam2 and semaphonin-1A were
2 of 34 genes found to be under strong selection in Iberian honey bees (Apis mellifera
iberiensis) across an environmental gradient (Chávez‐Galarza et al. 2013) suggesting
these two genes may underlie phenotypic variation across social insects.
A third gene associated with exploratory behavior and also with worker
production was neuronal acetylcholine receptor subunit alpha-7 which is a nicotinic
acetylcholine receptor, transmembrane proteins that are activated by the neurotransmitter
acetylcholine (Brioni & Arneric 1999; Arias 2006). Nicotinic acetylcholine receptors
have been implicated in a number of neurological diseases including Alzheimer’s disease
(Parri et al. 2011), epilepsy (Marini & Guerrini 2007), schizophrenia (Martin et al. 2004),
and autism (Martin-Ruiz et al. 2004). Neuronal acetylcholine receptor subunit alpha-7 is
one of 12 neuronal nicotinic acetylcholine receptor subunits and is widely expressed in
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the nervous system with especially high levels in the brain (Lindstrom 1996; Pandya &
Yakel 2011). Neuronal acetylcholine receptor subunit alpha-7 has been found to be
associated with a number of behaviors including social recognition, spatial learning and
memory, and attention in rats and mice (reviewed by Pandya & Yakel 2013).
Furthermore, acetylcholine can stimulate the release of dopamine via mediation by
neuronal nicotinic acetylcholine receptors (Pyakurel et al. 2018). Dopamine has been
linked to variation in a number of behaviors across a wide range of animal species,
including locomotion (Beggs et al. 2007; Harano et al. 2008; Mustard et al. 2010; Sasaki
& Harano 2010), foraging (Kamhi & Traniello 2013; Friedman & Gordon 2016;
Friedman et al. 2018, 2020), and learning (Macmillan & Mercer 1987; Vergoz et al.
2007; Sasaki & Harano 2010) in social insects. Although none of the genes we found to
be associated with exploration included genes for dopamine production or dopamine
receptors (or any other biogenic amine), genetic variation in neuronal acetylcholine
receptor subunit alpha-7 could possibly influence dopamine levels and therefore
behavior. Overall, our results build upon previous evidence that neuronal acetylcholine
receptor subunit alpha-7 plays a role in behavioral variation.
Lachesin, another gene linked to variation in exploratory behavior and also colony
caste ratio, encodes an immunoglobulin surface protein. It has been shown to be
expressed in epithelial and nervous tissues (Llimargas et al. 2004), play a role in
neurogenesis (Karlstrom et al. 1993), and is particularly important in the development of
the blood-brain barrier (Strigini et al. 2006). Lachesin mutants demonstrate an abnormal
behavioral phenotype as embryos as they undergo a period of hyperactivity followed by
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paralysis and an inability to hatch (Strigini et al. 2006). Given its importance in the
blood-brain barrier and throughout the nervous system, lachesin may influence a broad
range of behaviors. Furthermore, lachesin has been shown to regulate organ size by
influencing cell length (Llimargas et al. 2004) which could explain its association with
caste ratio as social insect morphology is predicted to vary with size, with larger
individuals displaying more queen-like traits (Trible & Kronauer 2017).
We identified 60 SNPs within or near 51 genes significantly associated with
variation in worker mass. Enriched GO terms among genes associated with worker mass
included regulation of developmental growth, larval growth, larval development, and
response to hormones. In addition to Dscam2, we identified six interesting candidate
genes: mTOR, ATP-citrate synthase-like, JNK-interacting protein 1, lysocardiolipin
acyltransferase 1-like, tryptophan 5-hydroxylase 1, juvenile hormone acid
O‐methyltransferase.
Five of these genes, mTOR, ATP-citrate synthase-like, JNK-interacting protein 1,
lysocardiolipin acyltransferase 1-like, and tryptophan 5-hydroxylase 1, have metabolic
functions and have been implicated in mammalian obesity. The gene mTOR (mechanistic
target of rapamycin) codes for a serine/threonine kinase that is conserved across
eukaryotes (Tatebe & Shiozaki 2017). The TOR-insulin signaling pathway mediates an
organism’s physiological response to the nutritional environment and has been associated
with a number of disorders/diseases including obesity, diabetes, neurological diseases,
and cancer (Saxton & Sabatini 2017; Mao & Zhang 2018). TOR has also been implicated
in caste determination in honey bees, which is regulated by the amount of food a
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developing larva receives (Winston 1991). Knockdown of TOR expression in queendestined larvae results in individuals with worker-like morphology (Patel et al. 2007;
Mutti et al. 2011).
ATP-citrate synthase-like codes for an enzyme that plays a vital role in fatty-acid
synthesis (Potapova et al. 2000). The enzymatic activity and protein levels of ATP-citrate
synthase are reduced in obese humans (Christe et al. 2013). The gene JNK-interacting
protein 1 codes for a protein that binds to multiple components of the JNK signaling
pathway (Whitmarsh et al. 1998). In obese mammals, the JNK signaling pathway inhibits
signaling by insulin receptors in adipose tissue, causing insulin resistance and
contributing to the development of diabetes (Aguirre et al. 2000). JNK-interacting protein
1 is essential for JNK activation (Jaeschke et al. 2004). The gene lysocardiolipin
acyltransferase 1-like codes for an enzyme involved in producing an important
mitochondrial phospholipid (Cao et al. 2004). In mice, obesity causes an upregulation of
this enzyme which results in mitochondrial dysfunction and insulin resistance (Li et al.
2010). Finally, the gene tryptophan 5-hydroxylase 1 codes for the rate limiting enzyme of
the serotonin pathway, which plays a conserved role in the central nervous system
regulating appetite, mood, and behavior (Lam & Heisler 2007). The human ortholog of
tryptophan 5-hydroxylase 1 is associated with obesity and gestational weight gain (Kwak
et al. 2012). Overall, our results suggest that these genes with metabolic functions may be
regulating the growth and possibly the levels of fat stored in the fat body of M. pharaonis
ants.
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The sixth candidate gene associated with work body mass, juvenile hormone acid
O‐methyltransferase, codes for an enzyme involved in one of the last steps of the
pathway producing active juvenile hormone (Shinoda & Itoyama 2003; Niwa et al. 2008).
Insect juvenile hormone controls growth, development, reproduction, and caste
determination in many insect species (Nijhout 1998). Juvenile hormone is probably best
known for regulating metamorphosis. Larvae will not initiate larva-pupa metamorphosis
until the juvenile hormone levels in their hemolymph drop (Riddiford 1994). RNAi
knockdown of juvenile hormone acid O‐methyltransferase resulted in early larva-pupa
metamorphosis in the red flour beetle (Tribolium castaneum; Minakuchi et al. 2008). It is
possible that genetic variation in juvenile hormone acid O‐methyltransferase in M.
pharaonis contributes to variation in the timing of larva-pupa metamorphosis which
would lead to variation in worker pupal body mass.
We found 127 SNPs significantly associated with the production of new males
and these SNPs were located within or nearby 91 genes including two interesting
candidate genes: dachsous and exuperantia. GO terms significantly enriched among
genes associated with male production included eye development, locomotion, growth,
development, and learning or memory. Dachsous encodes a cadherin that is essential for
normal morphogenesis of adult structures from imaginal discs (Gonzalez-Morales et al.
2015) and regulates Hippo signaling to control organ growth (Willecke et al. 2008).
Interestingly, genes involved in the Hippo signaling pathway, but not dachsous
specifically, were enriched among genes differentially expressed between worker- and
queen-destined honey bee larvae (Mao et al. 2015). Therefore, it is possible that dachsous
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regulates the production of reproductives in M. pharaonis via the Hippo signaling
pathway. Similarly, the gene exuperantia functions in both oogenesis and
spermatogensis in Drosophila (Hazelrigg et al. 1990) and therefore may play a role in the
production of reproductives in M. pharaonis.
Although the ortholog of the fruit fly foraging gene and biogenic amines have
been linked to variation in collective behavior in other social insects (Ben-Shahar et al.
2002, 2003, Ingram et al. 2005; Lucas & Sokolowski 2009; Ingram et al. 2016; Bockoven
et al. 2017; Page et al. 2018, Seid & Traniello 2005; Kamhi & Traniello 2013; Smith et
al. 2013; Friedman & Gordon 2016; Gospocic et al. 2016; Tedjakumala et al. 2017;
Friedman et al. 2018; 2020), we found that neither the M. pharaonis ortholog of the
foraging gene or any genes directly related to the production of biogenic amines or their
receptors were associated with any of the five collective behaviors or any other
phenotype. However, we cannot rule out the possibility that any of these genes do affect
our phenotypes but at a level below our detection threshold. Additionally, because we
used RADseq rather than whole genome sequencing, it is possible that we did have no or
very few genetic markers nearby genes affecting our phenotypes. For example, we had
only one genetic marker within 50kb of the M. pharaonis ortholog of the foraging gene
(about 1900 base pairs away).
Overall, our results begin to identify genes underlying variation in social insect
collective behavior and also in worker body size, colony caste ratio, and various colony
productivity measurements. We identified many interesting candidate genes with
functional annotations plausibly related to our phenotypes of interest. Future studies
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should experimentally validate the importance of these candidates in the expression and
variation of traits using CRISPR, RNAi, and pharmacological manipulation.

ACKNOWLEDGEMENTS
We thank Michael Warner for doing the DNA extractions and providing feedback on this
work. This work was supported by National Science Foundation grant IOS-1452520
awarded to Timothy Linksvayer.

93

Table 4-1. Candidate genes for phenotypic variation
Phenotype(s)

Gene name

Exploratory rate

semaphorin-1A-like

Exploratory rate, worker mass

Down syndrome cell adhesion molecule-like protein
(Dscam2)

Group exploration, worker
production

neuronal acetylcholine receptor subunit alpha-7

Colony exploration, caste ratio

lachesin

Worker mass

mTOR

Worker mass

ATP-citrate synthase-like

Worker mass

JNK-interacting protein 1

Worker mass

lysocardiolipin acyltransferase 1-like

Worker mass

juvenile hormone acid O-methyltransferase

Worker mass

tryptophan 5-hydroxylase 1

Male production

exuperantia

Male production

dachsous
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Figure 4-1. Manhattan plots of genome-wide associations between exploratory rate(top),
group exploration (middle), or colony exploration (bottom) and each SNP. Each
pointrepresents a single SNP and its -log p value. The horizontal red lines indicate
10

approximate FDR correction significance thresholds. The plots show only SNPs from the
11 chromosome-sized scaffolds and the scaffolds are arranged from longest to shortest.
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Figure 4-2. Manhattan plot of genome-wide associations between worker mass and each
SNP. Each point represents a single SNP and its -log p value. The horizontal red line
10

indicates an approximate FDR correction significance threshold. The plot shows only
SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Figure 4-3. Manhattan plot of genome-wide associations between colony caste ratio and
each SNP. Each point represents a single SNP and its -log p value. The horizontal red
10

line indicates an approximate FDR correction significance threshold. The plot shows only
SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Figure 4-4. Manhattan plot of genome-wide associations between total male production
and each SNP. Each point represents a single SNP and its -log p value. The horizontal
10

red line indicates an approximate FDR correction significance threshold. The plots show
only SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Supplementary figure 4-1. A scatterplot showing GO term cluster representatives (i.e.
terms remaining after using the REVIGO semantic similarity filter) for exploratory rate.
The x and y axes are derived by REVIGO and represent semantic similarities between
GO terms. The bubble color represents the p value (legend in bottom right) and the
bubble size represents the frequency of the GO term in a list of SNPs significantly
associated with exploratory rate (legend in bottom left).
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Supplementary figure 4-2. A scatterplot showing GO term cluster representatives (i.e.
terms remaining after using the REVIGO semantic similarity filter) for group exploration.
The x and y axes are derived by REVIGO and represent semantic similarities between
GO terms. The bubble color represents the p value (legend in bottom right) and the
bubble size represents the frequency of the GO term in a list of SNPs significantly
associated with group exploration (legend in bottom left).
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Supplementary figure 4-3. A scatterplot showing GO term cluster representatives (i.e.
terms remaining after using the REVIGO semantic similarity filter) for worker mass. The
x and y axes are derived by REVIGO and represent semantic similarities between GO
terms. The bubble color represents the p value (legend in bottom right) and the bubble
size represents the frequency of the GO term in a list of SNPs significantly associated
with worker mass (legend in bottom left).
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CHAPTER 5
GWAS FOR CUTICULAR HYDROCARBON VARIATION IN AN ANT

ABSTRACT
In social insect societies, cuticular hydrocarbons function in nestmate recognition and
chemically encode information about an individual’s dominance status, reproductive
status, and task within the colony, and also act as a waxy barrier preventing desiccation.
Despite the fundamental importance of cuticular hydrocarbons in social insect societies,
in particular the key role that variation in cuticular hydrocarbons plays in nestmate
recognition and discrimination, how genetic variation between individuals contributes to
phenotypic variation in the cuticular hydrocarbon profile, including precisely what
locations in the genome are variable, remains unknown. In this study, we use a new
pharaoh ant (Monomorium pharaonis) laboratory mapping population to perform
genome-wide association studies for individual hydrocarbons in the pharaoh ant
hydrocarbon profile. We find between 0 and 393 sites significantly associated with
variation in 32 different cuticular hydrocarbons, and many of these sites are located in or
near genes that are plausibly involved in hydrocarbon production or are associated with
hydrocarbon variation in other insects. Furthermore, many identified candidate genes
were associated with variation in more than one hydrocarbon, which is expected because
hydrocarbons often share similar biosynthetic pathways. Gene ontology categories that
were enriched in the identified candidate genes included lipid metabolic processes, fatty
acid biosynthetic processes, fatty acid import, macromolecule modification, and immune
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response. Overall, our results begin to identify the genes underlying variation in the
social insect cuticular hydrocarbon profile which will allow us to better understand how it
evolves and how variation in nestmate recognition markers is maintained.

INTRODUCTION
Insect cuticular hydrocarbons primarily function as a waxy barrier that prevents
desiccation and in social insect lineages, they have been secondarily co-opted to serve as
chemical signals in nestmate recognition (Bonavita-Cougourdan et al. 1987; Lahav et al.
1999; Lenoir et al. 1999; Wagner et al. 2000; Greene & Gordon 2007; Martin &
Drijfhout 2009; van Zweden & d’Ettorre 2010). Hydrocarbons are transferred among
colonies members via allogrooming and the exchange of regurgitated liquids (i.e.
trophallaxis) (van Zweden & d’Ettorre 2010; van Zweden et al. 2009, 2010; Leonhardt et
al. 2016), creating a collective gestalt colony odor that allows workers to distinguish
between nestmates and non-nestmates (Crozier & Dix 1979). In addition to nestmate
recognition, social insects also rely on hydrocarbons to encode information about an
individual’s reproductive and dominance status and task within the colony (Edwards &
Chambers 1984; Wagner et al. 1998, 2001; Green & Gordon 2003; Martin & Drijfhout
2009; Holman et al. 2010; Liebig 2010; Abril et al. 2018).
Despite the central role cuticular hydrocarbons play in insect societies, we have
not yet characterized genetic variation underlying variation in the cuticular hydrocarbon
profile of social insects (Sprenger & Menzel 2020). Knowledge of the identity of genes
underlying a trait allows us to begin to understand the molecular mechanisms by which
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genes influence the trait and how the trait evolves. The evolution of kin recognition cues,
such as social insect hydrocarbons, is an evolutionary puzzle because cooperation based
on recognition cues requires polymorphic loci but cooperation is expected to erode
genetic variation (Crozier 1986; Grosberg & Quinn 1989; Ratnieks 1991; Rousset &
Roze 2007). This problem is called “Crozier’s paradox” and is applicable when
individuals with common recognition cues receive greater than average benefits from
social interactions (e.g. receive altruistic benefits from a greater proportion of the
population or receive less aggression). The increased fitness benefits for individuals with
common cues should result in positive-frequency dependent selection on loci coding for
recognition cues. Although this paradox is still unresolved, the most common explanation
for the maintenance of genetic diversity at loci coding for recognition cues is that these
loci could have pleiotropic effects on other phenotypes (Crozier 1986; Rousset & Roze
2007; Holman et al. 2013). Identifying the genes underlying variation in the social insect
cuticular hydrocarbon profile will help us better understand how genetic variation for
recognition cues is maintained, including determining whether these genes have
pleiotropic effects.
Additionally, knowledge of which genes are involved in the production of
cuticular hydrocarbons will help us understand which compounds are biosynthetically
linked, preventing the independent evolution of different hydrocarbons (Lynch & Walsh
1998; Martin & Drijfhout 2009; Wilson et al. 2010). A recent study in fruit flies found
that the sets of genes associated with different hydrocarbons often overlapped (Dembeck
et al. 2015), which is not surprising because the production of different hydrocarbons
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involves many of the same fatty acid biosynthetic processes (reviewed by Ginzel &
Blomquist 2016). In addition to covariation between different hydrocarbons, researchers
have documented pleiotropic effects between hydrocarbons and other physiological traits,
including juvenile hormone production in fruit flies, honey bees, and Lasius niger ants
(Wicker & Jallon 1995; Malka et al 2009; Holman 2012) and processes related to cuticle
sclerotisation and melanization in fruit flies (Flaven-Pouchon et al. 2016, Massey et al.
2019).
Previous studies in solitary insects have identified a number of genes or
quantitative trait loci (QTL) contributing to variation in the cuticular hydrocarbon profile.
An analysis of cuticular hydrocarbons in both male and female fruit flies from
recombinant inbred lines derived from natural populations found 25 QTL in females and
15 in males contributing to variation in the cuticular hydrocarbon profile (Foley et al.
2007). A later study identified single nucleotide polymorphisms (SNPs) in or near 305
and 173 genes in females and males, respectively, significantly associated with variation
in the cuticular hydrocarbon profile (Dembeck et al. 2015). Furthermore, they found that
the disruption of 24 candidate genes affected hydrocarbon composition in at least one sex
and these genes included a palmitoyl transferase, two fatty acid reductases, a thiol
hydrolase, five thioredoxin peroxidases, three fatty acid elongases, three cytochrome
P450s, an NADH dehydrogenase (CG8680), and a dihydrolipoamide branched chain
acyltransferase. Additional genes found to affect the production of cuticular
hydrocarbons include two fatty acid synthases (Chung et al. 2014; Wicker-Thomas et al.
2015), an acetyl-CoA carboxylase (Wicker-Thomas et al. 2015), an elongase (Wicker-
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Thomas et al., 1997; Chertemps et al., 2007), two cytochrome P450s (Qiu et al. 2012;
Chen et al. 2016), three desaturases (Labeur et al. 2002; Marcillac et al. 2005; Chertemps
et al. 2006; Fang et al. 2009), an odorant binding protein (Shorter et al. 2016), and the
genes KAR, TER, and HADC (Wicker-Thomas et al., 2015).
Walsh et al. (2019a) extracted hydrocarbons from pools of workers from a
genetically highly variable laboratory mapping population of pharaoh ant (Monomorium
pharaonis) (Pontieri et al. 2017; Walsh et al. 2019b). They used the pedigree information
of the colonies to estimate the heritability of and the genetic correlations between
hydrocarbons. Additionally, they estimated the strength and pattern of natural selection
acting on hydrocarbons in the laboratory. In this study, we sequence pools of workers
from the same colonies used in Walsh et al (2019a) to identify genetic variation
underlying variation in the cuticular hydrocarbon profile.

METHODS
Experimental design and cuticular hydrocarbon extraction
All M. pharaonis colonies used in this study were reared in the laboratory and
derived from eight initial stock colonies that were collected from different locations
across Africa, Asia, Europe, and North America (Schmidt 2010; Schmidt et al. 2010).
The eight initial lab stock colonies have been systematically intercrossed for nine
generations in order to create a mapping population similar to the mouse heterogeneous
stock, which has been used to successfully elucidate the genetic architecture of a range of
traits (Mott et al. 2000; Valder et al. 2006). Each colony in the M. pharaonis mapping
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population is expected to contain a unique combination of alleles from the eight initial
stock colonies (Pontieri et al. 2017).
Walsh et al. (2019a) split 48 colonies with three equally sized replicates but
discarded 175 out of 432 cuticular hydrocarbon samples due to contamination and other
technical failures, leaving a total of 257 samples from 111 colony replicates (48 colony
genotypes) that could be used for statistical analysis. They maintained all colonies at 27 ±
1 °C and 50% relative humidity on a 12:12 hour light:dark cycle, and fed them an agarbased synthetic diet (Dussutour & Simpson 2008) and mealworms. We provided water ad
libitum via a glass tube plugged with cotton. Approximately three months after setting up
the replicate colonies, they collected three samples from each replicate colony, each
consisting of 15 workers, for the extraction of cuticular hydrocarbons. After extraction,
they used a gas chromatograph (GC) and mass spectrometer to identify chemical
compounds and integrated the area under each peak using MSD Chemstation. They
identified 34 cuticular hydrocarbons but some two pairs of hydrocarbons had similar
retention times and often co-eluted into the same peak (Peak 2: y-C with Peak 3: n-C ;
25:1

25

Peak 27: x-C with Peak 28: y-C ). Therefore, they combined the areas of each co31:1

31:1

eluting pair, leaving 32 peaks available for statistical analysis. Replicate colonies were set
up in different “blocks'' between May and November 2016. To control for the effect of
block, we used the residuals of linear models for each hydrocarbon over block in
subsequent analyses. For a full description of experimental design and cuticular
hydrocarbon extraction see Walsh et al. (2019a).
Sample collection, genome sequencing, and variant calling
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We collected a pool of 45 workers from each replicate colony and extracted DNA
using Qiagen DNeasy kits in accordance with the manufacturer’s instructions. We
performed restriction site associated DNA sequencing (RADseq) using an Illumina HiSeq
2000 at the Okinawa Institute of Science and Technology Sequencing Center. Sequencing
reads were checked for quality using FastQC (Andrews 2010). Adapters and reads with a
quality score less than 20 were trimmed and removed with Trimmomatic v.0.39 (Bolger
et al. 2014), resulting in clean reads. We mapped the clean reads to the Monomorium
pharaonis genome (GCF_003260585.2) using BWA-MEM (Li 2013). The reference
genome 3.0 contains 9,622 scaffolds, including 11 large (over 14 million base pairs)
scaffolds that likely represent whole chromosomes, with an N50 of ~21,000 and a total
assembly size of ~250 million base pairs. We called SNPs using samtools (Li et al. 2009),
excluding indels, SNPs that were called in fewer than 10% of samples, and sites with
MAF < 0.01.
Genome-wide associations
We used GEMMA (Zhou & Stephens 2012) to test for genotype-phenotype
associations by fitting a univariate, linear mixed model. GEMMA controls for relatedness
between samples by including a relatedness matrix as a covariate. We tested for an
association between variation in each cuticular hydrocarbon with each SNP and then used
an FDR correction to account for multiple comparisons.
GO term analysis
We functionally annotated all genes in the M. pharaonis genome by assigning
gene ontology (GO) terms using Trinotate (Bryant et al. 2017) and the Swiss-Prot
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database (https://www.uniprot.org/). We further conducted GO term enrichment analysis
using the R package clusterProfiler (Yu et al. 2012). For many of the hydrocarbons, we
had long lists of significantly enriched GO terms. Therefore, we used REVIGO (Supek et
al. 2011) to identify groups of semantically similar GO terms.

RESULTS
After filtering, we included 31,726 SNPs in genome-wide association mixed models. For
a full list of candidate genes associated with cuticular hydrocarbon variation see Table 51. We found 0 SNPs significantly associated with variation for 18 of the 32 cuticular
hydrocarbons. For the remaining 14 hydrocarbons, we found between 1 and 393
significantly associated SNPs (Figures 5-1, 5-2, 5-3, 5-4; Table 5-1). In total, there were
951 significant associations between a SNP and variation for a cuticular hydrocarbon,
which included 765 unique SNPs. There were 65 SNPs significantly associated with
variation in more than one cuticular hydrocarbon, with the highest number of associations
being two SNPs associated with variation in eight hydrocarbons.
Of the 951 SNPs significantly associated with at least one cuticular hydrocarbon,
480 SNPs were located on the 11 large, chromosome-size scaffolds, and the rest were
located on one of the smaller scaffolds, the large majority of which do not contain protein
coding genes. Of the 480 SNPs located on one of the 11 large, chromosome-sized
scaffolds, 63 SNPs (13%) were not within 10 kb of a protein coding gene, 159 SNPs
(33%) were within 10kb of a protein coding gene, and 258 SNPs (54%) were located
within a protein coding gene (Figures 5-1, 5-2, 5-3, 5-4; Table 5-1). Of the 417 SNPs
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located either within or nearby a gene, 91 of those SNPs were located within or within 10
kb of a gene coding for an uncharacterized protein, leaving 326 SNPs located either
within or nearby an annotated gene.
GO term enrichment analysis
The enriched GO terms included GO categories associated with lipid metabolic process,
lipid localization, fatty acid biosynthetic processes, fatty acid alpha-oxidation, short chain
fatty acid import, macromolecule modification, and immune response (Supplementary
figures 5-1, 5-2).

DISCUSSION
Cuticular hydrocarbons are crucial for insect societies because they play critical roles in
nestmate recognition, signaling reproductive status, dominance status, and task within
colonies, and also function as a waxy barrier to dessication. Although previous work in
solitary insects has identified genes associated with variation in the cuticular hydrocarbon
profile, we know very little about how genetic variation contributes to cuticular
hydrocarbon variation in social insects. We do not understand how genetic variation for
recognition cues such as cuticular hydrocarbons is maintained in a population (i.e.
Crozier’s paradox). In this study, we used a heterogeneous stock laboratory population of
M. pharaonis to begin to identify genes associated with variation in the social insect
cuticular hydrocarbon profile. We identified many promising candidate genes with
plausible roles in the production of cuticular hydrocarbons. Furthermore, we found that
many genes are associated with multiple hydrocarbons, likely reflecting the fact that they
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share fatty acid biosynthetic pathways, which may prevent the independent evolution of
different hydrocarbons (Lynch & Walsh 1998; Martin & Drijfhout 2009; Wilson et al.
2010).
We identified one gene, cholesterol 7-desaturase, coding for a desaturase
associated with variation in the M. pharaonis cuticular hydrocarbon profile. A number of
desaturases have been implicated in cuticular hydrocarbon production, including Desat1,
Desat2, and DesatF in Drosophila melanogaster (Labeur et al. 2002; Marcillac et al.
2005; Chertemps et al. 2006; Fang et al. 2009). Although cholesterol 7-desaturase
specifically has not been previously implicated in hydrocarbon production, it has been
shown to be involved in the production of ecdysteroid hormones in C. elegans (Rottiers
et al. 2006).
We identified a number of genes with functions involved in fatty acid or lipid
metabolism, transfer, or modification, which is relevant because cuticular hydrocarbons
are produced in the fatty acid biosynthetic pathway and subsequently modified. These
genes include heparan sulfate glucosamine 3-O-sulfotransferase 5, A disintegrin and
metalloproteinase with thrombospondin motifs 18, cystathionine beta-synthase,
cholinephosphotransferase 1, and three E3 ubiquitin-protein ligases which have all been
shown to play a role in lipid metabolism in mammals (Henneberry et al. 2000; Qi et al.
2006; Jiang et al. 2011; Chakraborty et al. 2015; Ghosh et al. 2016; Zhu et al. 2018).
These genes also include electron transfer flavoprotein-ubiquinone oxidoreductase which
has been shown to be involved in fatty acid oxidation (Zhang et al. 2006) and the gene
endophilin-A, which functions to modify lipids (Huttner & Schmidt 2000). Finally, we
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identified a fatty acid-binding protein, a member of a family of transport proteins which
help transfer fatty acids across membranes (Chmurzyńska 2006). Fatty acid-binding
proteins have been found in the antennae of fire ants (González et al. 2009), suggesting
they may play a role in chemosensation, possibly including the detection of cuticular
hydrocarbons.
We found that dopamine receptor 1 was associated with cuticular hydrocarbon
variation in M. pharaonis. In insects, dopamine serves as a neurotransmitter in the central
nervous system and functions as a crucial regulator of numerous pathways (Mustard et al.
2005; Yamamoto & Seto 2014). Dopamine has been implicated as a regulator of femalespecific cuticular hydrocarbons in Drosophila, possibly by acting on desaturases or
elongases involved in the production of hydrocarbons or by altering the levels of
hormones such as juvenile hormone or ecdysone (Marican et al. 2004). Our results
suggest that dopamine may influence the production of cuticular hydrocarbons across a
wide range of insect species.
Cytochrome p450s are a large superfamily of enzymes that serve a wide range of
functions in insects (Scott 2008). The cytochrome p450 enzyme Cyp4G1 directly plays a
role in the synthesis of hydrocarbons by catalyzing the chain shortening step to convert
aldehydes to hydrocarbons (Qiu et al. 2012). Additionally, esterases, which catalyze the
hydrolysis of ester bonds, function in the production of hydrocarbons by cleaving free
fatty acids from larger molecules (Wicker-Thomas & Chertemps 2010). A genome-wide
association study and subsequent functional confirmation identified the role of an
esterase and three cytochrome p450s (Cyp49a1, Cyp9f2, and Cyp4s3) in the production
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of hydrocarbons in Drosophila, although the mechanism by which the enzymes altered
the production of hydrocarbons remained unclear (Dembeck et al. 2015). We identified
one esterase (FE4) and two cytochrome p450s (6k1 and 12a5) associated with cuticular
hydrocarbon variation in M. pharaonis. Given the role of other esterases and cytochrome
p450s in hydrocarbon production, it is possible that the enzymes we identified here could
serve similar functions.
We identified seven methyltransferases, a family of enzymes that methylates their
substrates, that were associated with M. pharaonis cuticular hydrocarbon variation,
including the methyltransferases Enhancer of zeste (E(z)) and juvenile hormone acid Omethyltransferase. Drosophila E(z) mutants showed a decrease in their amount of total
hydrocarbons, especially unsaturated hydrocarbons which suggests a role in desaturation
in the production of hydrocarbons (Wicker-Thomas & Jallon 2000). It is possible that
genetic variation in E(z) in M. pharaonis alters the levels of hydrocarbons, although E(z)
was not associated with variation in an unsaturated hydrocarbon but rather with a
monomethyl alkane (7-MeC31).
Juvenile hormone acid O-methyltransferase is involved in one of the final steps of
the pathway producing active juvenile hormone (Shinoda & Itoyama 2003; Niwa et al.
2008). Additionally, we found that methyl farnesoate epoxidase was linked to M.
pharaonis cuticular hydrocarbon variation. Similar to juvenile hormone acid Omethyltransferase, methyl farnesoate epoxidase also catalyzes one of the final steps in the
production of juvenile hormone. Juvenile hormone regulates metamorphosis,
reproduction, growth, development, and caste determination in numerous insect species
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(Nijhout 1998) and has been linked to variation in cuticular hydrocarbons (Wicker &
Jallon 1995; Tillman et al. 1999; Lengyel et al. 2007). For example, in the ant
Myrmicaria eumenoides the topical application of juvenile hormone accelerates the
transition from a hydrocarbon profile typical of a younger worker to that of an older
worker (Lengyel et al. 2007). Overall, our results build on previous evidence to further
suggest that juvenile hormone may be an important regulator of cuticular hydrocarbons.
We found one gene coding for an odorant receptor linked to variation in M.
pharaonis cuticular hydrocarbons. Odorant receptors are expressed primarily in olfactory
sensory neurons where they initiate olfactory signaling after binding to olfactory
molecules (Gaillard et al. 2004; Spehr & Munger 2009). Previous work demonstrated that
odorant receptors are sensitive to cuticular hydrocarbons (Sharma et al. 2015) and that
most odorant receptors are sensitive to just one or a small number of hydrocarbons (Pask
et al. 2017). The number of genes coding for odorant receptors is expanded in ants
relative to other hymenoptera (Smith et al. 2011a, 2011b; Zhou et al. 2012, McKenzie et
al. 2016) and many of these genes show signatures of positive selection (Engsontia et al.
2015, Zhou et al. 2015), suggesting they play an important role in the molecular
evolution of ant communication. It is possible that genetic variation for an odorant
receptor in M. pharaonis is linked to the sensitivity of perceiving one or more
hydrocarbons and could be pleiotropically linked to the production of these
hydrocarbons.
Finally, we found that the gene phenoloxidase 1 was associated with M.
pharaonis cuticular hydrocarbon variation. Phenoloxidases play an important role in
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insect immunity as they initialize the early stages of melanization, a process in which
melanin is deposited around a wound or around a pathogen which prevents it from
harming the host (Sugumaran et al. 2000; González-Santoyo & Córdoba-Aguilar 2012).
Immunostimulation has been shown to alter the hydrocarbon profile. For example,
infected honey bees, when compared to healthy bees, showed significant differences in
hydrocarbon profile composition (Richard et al. 2008, 2012) and gene expression of
genes plausibly related to hydrocarbon synthesis (Richard et al. 2012). Additionally,
honey bee pupae and adults parasitized by Varroa mites have altered hydrocarbon
profiles (Salvy et al. 2001). Given that immunostimulation can alter cuticular
hydrocarbon profile composition, it is feasible that genetic variation for a gene involved
in immune response could lead to variation in the hydrocarbon profile of M. pharaonis.
Overall, our results begin to identify the genes underlying variation in the social
insect cuticular hydrocarbon profile which plays an important role in social insect
societies. We identified many interesting candidate genes that either have been previously
implicated to be involved in cuticular hydrocarbon production or have functional
annotations that could reasonably link them to hydrocarbon synthesis. Future studies
should functionally validate the genes we identified here using CRISPR, RNAi, and
pharmacological manipulation.
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Table 5-1. Candidate genes for cuticular hydrocarbon variation.
Hydrocarbon(s)

Gene name

7−MeC29

cholesterol 7-desaturase

7−MeC29

heparan sulfate glucosamine 3-O-sulfotransferase 5

11,15−diMeC29;
7−MeC31

A disintegrin and metalloproteinase with thrombospondin motifs 7

7−MeC29

cystathionine beta-synthase

Linear alkanes

cholinephosphotransferase 1

3,11−diMeC27;
9-, 11-, 13-, 15−MeC29;
7−MeC2911;
15−diMeC29;
x−C31:1 + y−C31:1;
n−C31;
7−MeC31

E3 ubiquitin-protein ligase MIB1-like

7−MeC29

E3 ubiquitin-protein ligase SIAH1

7−MeC31

E3 ubiquitin-protein ligase RMND5A

7−MeC29

electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial

7−MeC29

endophilin-A

7−MeC31

Dopamine receptor 1

7−MeC31

endophilin-A

7−MeC29;
7−MeC31

cytochrome P450 6k1

7−MeC29;
7−MeC31

probable cytochrome P450 12a5, mitochondrial

9-, 11-, 13−MeC27;
9-, 11-, 13-, 15−MeC29;
7−MeC29;
11,15−diMeC29;
x−C31:1 + y−C31:1;
n−C31;
7−MeC31

protein arginine N-methyltransferase 9

9-, 11-, 13−MeC27;
9-, 11-, 13-, 15−MeC29;
7−MeC29;

histone-lysine N-methyltransferase, H3 lysine-79 specific
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x−C31:1 + y−C31:1;
7−MeC31
7−MeC29

histone-arginine methyltransferase CARMER

7−MeC29

methyltransferase-like protein 5

7−MeC31

methyltransferase-like protein 9

7−MeC31

histone-lysine N-methyltransferase E(z)

7−MeC31

juvenile hormone acid O-methyltransferase

7−MeC29

methyltransferase-like protein 5

7−MeC31

phenoloxidase 1
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Figure 5-1. Manhattan plot of genome-wide associations between 9-,11-,13-,15-MeC29
and each SNP. Each point represents a single SNP and its -log p value. The horizontal
10

red line indicates the approximate FDR correction significance threshold. The plot shows
only SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Figure 5-2. Manhattan plot of genome-wide associations between 7-MeC29 and each
SNP. Each point represents a single SNP and its -log p value. The horizontal red line
10

indicates the approximate FDR correction significance threshold. The plot shows only
SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Figure 5-3. Manhattan plot of genome-wide associations between x-C31:1 + y-C31:1 and
each SNP. Each point represents a single SNP and its -log10 p value. The horizontal red
line indicates the approximate FDR correction significance threshold. The plot shows
only SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Figure 5-4. Manhattan plot of genome-wide associations between 7-MeC31 and each
SNP. Each point represents a single SNP and its -log10 p value. The horizontal red line
indicates the approximate FDR correction significance threshold. The plot shows only
SNPs from the 11 chromosome-sized scaffolds and the scaffolds are arranged from
longest to shortest.
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Supplementary figure 5-1. A scatterplot showing GO term cluster representatives (i.e.
terms remaining after using the REVIGO semantic similarity filter) for 9-,11-,13-,15MeC29. The x and y axes are derived by REVIGO and represent semantic similarities
between GO terms. The bubble color represents the p value (legend in bottom left) and
the bubble size represents the frequency of the GO term in a list of SNPs significantly
associated with 9-,11-,13-,15-MeC (legend in bottom right).
29
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Supplementary figure 5-2. A scatterplot showing GO term cluster representatives (i.e.
terms remaining after using the REVIGO semantic similarity filter) for x-C31:1 + y-C31:1.
The x and y axes are derived by REVIGO and represent semantic similarities between
GO terms. The bubble color represents the p value (legend in bottom left) and the bubble
size represents the frequency of the GO term in a list of SNPs significantly associated
with x-C + y-C (legend in bottom right).
31:1

31:1
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CHAPTER 6
THE COLLECTIVE BEHAVIOR OF ANT GROUPS DEPENDS ON THE SPECIFIC
GROUP GENOTYIC COMPOSITION OF THE GROUPS

ABSTRACT
Increasingly, research documents variation between groups in collective behavior,
but the genetic architecture of collective behavior in general, and in particular, how the
genotypic composition of groups affects collective behavior, remains unclear. Social
insects are ideal for studying the effects of genetic variation on collective behavior
because their societies are defined by social interactions. Furthermore, many social insect
colonies exhibit high levels of genetic diversity and this genetic diversity is thought to
have numerous benefits. To explore how the genetic composition of groups affects
collective behavior, we constructed groups of pharaoh ants (Monomorium pharaonis)
with either workers from all the same colony or workers from two different colonies and
assayed the exploration and aggression of the groups. We found evidence for genotype x
genotype epistasis for both collective behaviors in that the interaction between the
identity of the two colonies in the mixed groups was significant. Furthermore, we
compared expected and observed behavior and, although they were correlated, the
observed values deviated greatly from the expected values, further demonstrating the
importance of genotype x genotype effects. Finally, we found that the collective
aggression of the groups was negatively correlated with the pairwise relatedness
estimates between workers within the group indicating that groups composed of more

126

highly related individuals behaved less aggressively towards another species. Overall,
this study highlights that specific combinations of genotypes within a group influence
group-level outputs and the difficulty of predicting group-level phenotypes using only
additive models.

INTRODUCTION
Recent research on behavior has focused on documenting behavioral variation between
individuals that is consistent across time/contexts (i.e. “animal personality”; Sih et al.
2004). To date, consistent behavioral variation has been documented across a wide range
of species and is considered ubiquitous. Similar to individuals, groups can also exhibit
consistent variation in collective behavior (i.e. collective or group personality; Gordon
1991; Gordon et al. 2011; Jandt et al. 2014; Bengston & Jandt 2014; Wright et al. 2019).
For example, harvester ant (Pogonomyrmex barbatus) colonies differ consistently across
years in their regulation of foraging rate (Gordon 2002, 2013; Greene & Gordon 2007:
Gordon et al. 2007, 2011). Although there has been a large focus on understanding
mechanistically how local behavioral interactions between individuals produce emergent
group-level behavior (Sumpter 2010), the genetic architecture of collective behavior
remains largely unknown (Walsh et al 2020), including the degree to which it is heritable
and how genetic variation within and between groups contributes to population-level
variation for collective behavior.
Additionally, it is unclear exactly how variation in individual-level traits leads to
variation in group-level traits (Pinter-Wollman 2012; LeBoeuf & Grozinger 2014). For
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example, it is not clear whether each group member contributes equally in determining
group-level behavior or if instead some individuals have a disproportionately large effect
(i.e. keystone individuals). Furthermore, it is unclear how the genotypic make-up of
groups affects group-level traits. For example, we do not know if individuals of a
particular genotype have a consistent impact on the collective behavior of the group
regardless of the genotype of other group members, or if the effect of the genotype of
group members depends on the specific genotype of other group members (i.e. whether
there are genotype-by-genotype interactions for collective behavior). Understanding how
the genotypes of group members map to group-level phenotypes is evolutionarily
important because there is increasing evidence that group-level behavioral variation
influences the fitness of groups (Wray et al. 2011; Modlmeier et al. 2012; Gordon 2013;
Blight et al. 2016a; Blight et al. 2016b; Walsh et al. 2019).
Social insects are ideal for elucidating the complex relationship between
individual and group-level variation because they exhibit behavioral variation at multiple
scales of organization (i.e. between workers, castes, colonies, species; Jandt et al. 2014).
Variation between individuals within a colony results in a division of labor, where queens
reproduce while workers perform all other tasks, including foraging for food and caring
for larvae (Wilson 1971; Oster and Wilson 1978; Beshers and Fewell 2001). Workers can
further specialize on a wide range of tasks, resulting in division of labor within the
worker caste (Oster and Wilson 1978; Robinson 1992; Beshers and Fewell 44 2001;
Mikheyev and Linksvayer 2015; Walsh et al. 2018). Social insects exhibit consistent
colony-level variation for a wide range of collective behaviors, including aggression,
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foraging, and exploration (reviewed by Jeanson & Weidenmüller 2013; Jandt et al. 2014;
Bengston & Jandt 2014).
There is increasing evidence that colony-level behavioral variation is influenced
by genotype as numerous studies have estimated the heritability of social insect collective
behavior (Linksvayer 2006; Hunt et al. 2007; Gordon 2013; Greenwood et al. 2015;
Friedman & Gordon 2016; Walsh et al. 2019) and candidate gene studies have linked
allelic variation to variation in collective behavior (Krieger 2005; Wang et al. 2008;
Wang et al. 2013; Tang et al. 2018). The amount of genetic variation within social insect
colonies depends on whether the colony includes one (monogyny) or multiple queens
(polygyny), whether queen(s) mates with one (monandry) or multiple males (polyandry),
and the amount of inbreeding (Keller 1993; Bourke & Franks 1995; Boomsma &
Ratnieks 1996; Oldroyd & Fewell 2007; Haag-Liautard et al. 2009). Both polyandry and
polygyny are widespread and are thought to be favored because genetic variation within a
colony may increase disease resistance (Baer & Schmid-Hempel 1999; Schmid-Hempel
& Crozier 1999; Tarpy 2003; Hughes & Boomsma 2004; Tarpy & Seeley 2006; Reber et
al. 2008) or the efficiency of division of the labor (Crozier & Page 1985; Oldroyd &
Fewell 2007).
A small number of studies have attempted to better understand how behavioral
variation in workers influences colony-level behavioral variation by creating mixed
groups that included workers with different behavioral tendencies. In these cases, one
behavioral type exhibited “behavioral dominance” over the other and caused individuals
within the group to behave more similarly to the dominant type. For example, in mixed
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colonies of docile European honey bees and aggressive Africanized honey bees, honey
bees increased their aggression with the number of Africanized bees in the colony
(Guzmán-Novoa & Page 1994). Similarly, fire ant workers will accept either one or
multiple queens based on their genotype in the Gp-9 non-recombining region, and
workers from monogyne (one queen) colonies will accept multiple queens if just 5-10%
of the colony consists of workers from polygyne colonies (Ross & Keller 2002; Gotzek &
Ross 2008).
In order to better understand the factors shaping collective behavior, we have to
understand how the genotypic composition of the group affects it. In general, few studies
have utilized an experimental design creating mixed groups and assaying continuous,
rather than discrete, behavioral variation, including in social insects (but see Linksvayer
2006, 2007, Linksvayer et al. 2009, 2011; Wang et al. 2008; Teseo et al. 2014; van
Zweden et al. 2010; and Vojvodic et al. 2014 for studies on non-behavioral traits), which
would allow us to understand how the genotypic composition of the group affects
collective behavior (Moore et al. 1997; Bijma et al. 2007; Bijma & Wade 2008;
McGlothlin et al. 2010; Bijma 2011). When individuals interact within a group, they can
affect each other’s traits and group-level traits in an additive manner or, similarly to nonadditivity between alleles at a single locus (dominance) or at two loci (epistasis) within
organisms, individuals can affect each other in a non-additive manner (Wolf et al. 1998;
Wade 2000). Such additive and non-additive interaction effects are predicted to play an
especially large role in the evolution of behavior because behavior, more so than other
phenotypes, is flexible, depending on biotic and abiotic environmental conditions (Bailey
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et al. 2017). Furthermore, these effects are predicted to play a larger role in the evolution
of behavior in social insects because of their highly complex societies that rely on social
interactions (Linksvayer & Wade 2005; Linksvayer 2006, 2015).
In this study we used pharaoh ant (Monomorium pharaonis) colonies from a
pedigreed laboratory population. Previous work on colonies from this same population
found that colonies consistently varied in collective behavior and that this variation was
heritable and associated with colony productivity (Walsh et al. 2019). To explore the
effect of the genotypic composition of group members on the resulting collective
behavior of the group, we set up groups of workers that contained either workers all from
the same colony or from two different colonies, and we assayed the aggression and
exploration of these groups.

METHODS
Experimental design
We used 33 M. pharaonis colonies, which we subsequently refer to as “colony
genotypes”, from our heterogeneous stock mapping population. This pedigreed
population was started by intercrossing eight lineages for nine generations (see Walsh et
al. 2019 and Pontieri et al. 2017 for details). For each colony, we used carbon dioxide to
anesthetize the workers and carefully removed 450 worker pupae using a paint brush. We
separated the worker pupae into three separate petri dishes (150 pupae per dish) and
monitored the dishes daily for the eclosion of callow workers. We collected the callows
and placed nine callows into separate petri dishes. Five days after the callows eclosed, we
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combined two groups of nine callows each, either both from the same colony (“same
colony groups”) or from different colonies (“mixed groups”), to form a larger group of 18
workers that we subsequently assayed for collective behavior. We refer to the two groups
of workers that made up the larger group of 18 workers as “genotype one” and “genotype
two”. Experimental designs including just two, rather than multiple, genotypes/families
within a group have been shown theoretically to be optimal for estimating the genetic
effects of group members (Bijma 2010). We were able to mix workers from different
colonies because M. pharaonis workers show little to no aggression towards conspecifics
from other colonies (Schmidt et al. 2010, Pontieri 2014). We assayed a total of 33
colonies, and the assays were divided into six blocks that each ran for about two weeks
from May to August of 2018. Within each block, containing three to six total colony
genotypes, each colony was paired with itself (i.e. same colony group) and with each of
the other colonies three times (i.e. three replicates for each combination). We fed all
groups of workers with an agar-based synthetic diet (Dussutour & Simpson 2008) and
provided water ad libitum via a glass tubed plugged with cotton. We kept all groups of
workers on a 12:12 hour light:dark cycle and at 27 ± 1 °C and 50% relative humidity.
Behavioral assays
Two or three days after combining the two groups of nine workers into one larger
group, we assayed the exploratory and aggressive behavior of the larger groups following
the protocols from Walsh et al. (2020). Because some of the ants died during the
aggression assay, we always conducted the exploratory assay before the aggression assay.
We conducted the exploratory assay inside of a filming box with white LED lights along
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the walls and a camera mounted to the top (Walsh et al. 2020). To prevent trail
pheromones from previous assays influencing future assays, we covered the floor of the
filming box with a poster board that we replaced between each assay. We placed the 18
workers inside a petri dish and placed the petri dish upside down in the middle of a
circular arena in the center of the filming box, and waited 5 minutes for the ants to settle
down after being handled. Next, we removed the petri dish, allowing the ants to explore
the entirety of the circular arena, and used the camera to record the ants exploring the
arena for 10 minutes. Finally, we collected all 18 workers and returned them to their petri
dish. We analyzed the videos using the R package “trackR” (https://github.com/swarmlab/trackR), which tracked the location of all the ants in each frame of the video. We
calculated the percent of the arena explored by the groups of ants by determining how
many pixels were visited at least once across all frames of the video divided by the total
number of pixels inside the circular arena (Walsh et al. 2019a).
We began the aggression assay at least two hours after the completion of the
exploratory assay. Because M. pharaonis workers only show transient to no aggression
towards conspecifics (Schmidt et al. 2010), we quantified aggression of the M. pharaonis
workers towards a second species, Tetramorium sp. E. We collected the Tetramorium sp.
E colony on the campus of the University of Pennsylvania during May of 2018 and
maintained and fed the colony using the same methods we used for the M. pharaonis
groups. We moved the 18 M. pharaonis workers to a small petri dish and 18
Tetramorium sp. E workers to a second small petri dish and placed the petri dishes upside
down inside a larger petri dish. We waited five minutes to give the ants time to acclimate
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after being handled and then lifted the small petri dishes, allowing the ants of the two
species to interact with each other. Every five minutes for one hour, we recorded the
number of M. pharaonis workers biting Tetramorium workers. We defined the aggression
of the groups as the average number of M. pharaonis workers biting Tetramorium
workers across all observations within an hour. We froze all Tetramorium workers used
in the assay so that we did not reuse the same workers in subsequent assays.
Statistical analyses
We performed all analyses in R version 3.6.0 (R core team 2013). To estimate the
effects of genotypes one and two individually and the additive and interaction effects
between them, we conducted generalized linear mixed models (GLMMs) using the R
package “lme4” (Bates et al. 2015). We note that the distinction of genotype one or two is
arbitrary and could be reversed. We included the interaction between the two genotypes
as a fixed effect and the block number as a random effect. In a separate model, we
included both genotypes as fixed effects and the block number as a random effect. To
estimate the effect size of each term included in each model, we used the
“r.squaredGLMM” function of the R package “MuMIn” (Barton & Barton 2009).
To better understand how the interaction between genotypes one and two affected
group behavior, we used the R package “MCMCglmm” (Hadfield 2010) to build an
animal model. Animal models estimate genetic parameters of phenotypes by asking how
phenotypic covariance between all pairs of individuals within a pedigree is predicted by
the expected genetic relatedness between individuals (Kruuk 2004, de Villemereuil
2012). In this study, the pedigree specified the relationships between all “individuals”
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(i.e. colony genotypes) included as both genotypes one and two. We used the animal
models to estimate the best linear unbiased predictors (BLUPs) for each genotype, which
correspond to effect size estimates for genotypes one and two. Next, we asked if the
observed behavior of the group was correlated with the combined BLUP for each
genotype combination using Spearman rank correlation tests. Finally, we asked if the
relatedness between the two genotypes influenced group behavior by conducting
Spearman rank correlation tests between the behavior (either exploration or aggression)
and the pairwise relatedness estimates between genotypes one and two. We conducted
two-tailed correlation tests for both aggression and exploration but also conducted a onetailed test for aggression, with the prediction that aggression decreases as relatedness
increases.

RESULTS
The mean levels of aggression (two-tailed t test; t = 0.60, p = 0.55) and exploration (t =
0.68, p-value = 0.50) were not different between genotypes one and two, as we would
expect because the decision of referring to a colony as either genotype one or two was
arbitrary. The interaction between genotype one and genotype two was significant for
both aggression and exploration (Table 6-1), indicating that the genotypic makeup of the
group influenced group collective behavior (Figures 6-1 and 6-2). Block was also
significant for both aggression and exploration (Table 6-1). For exploration, we
estimated the proportion of variance explained by genotype one to be 0.194, by genotype
two to be 0.190, by the additive effect to be 0.283, and by the interaction effect to be
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0.388. (Table 6-2). For aggression, we estimated the proportion of variance explained by
genotype one to be 0.380, by genotype two to be 0.362, by the additive effect to be 0.427,
and by the interaction effect to be 0.527 (Table 6-2). Note that the effects of genotypes
one and two and the additive effect were estimated from models that did not include the
interaction term.
We found that both the observed group exploration and aggression were
significantly correlated with the expected level based on the additive combination of
genotypes (as estimated as the sum of BLUPs for the two genotypes) (Figures 6-3 and 64).
The pairwise pedigree relatedness between genotypes one and two was not
correlated with exploration, when including the same colony groups (two-tailed
Spearman rank correlation; rho = -0.035; p = 0.547 ) or not (rho = -0.039 ; p = 0.574),
indicating that group exploration did not depend on the relatedness between group
members. Furthermore, the relatedness between genotypes one and two was not
correlated with aggression when including the same colony groups (two-tailed Spearman
rank correlation; rho = -0.089; p = 0.151) or not (rho = -0.143 ; p = 0.051). However, we
also performed a one-tailed Spearman rank correlation test for aggression because
aggression might be expected to increase with within-group genetic variation due to
differences in individual thresholds. We found that aggression was negatively correlated
with within-group genetic relatedness when excluding the same colony groups (one-tailed
Spearman rank correlation; rho = -0.143, p = 0.026).
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DISCUSSION
The genetic architecture of group-level traits, including collective behavior, is
largely unknown. We do not fully understand how the genotypic make-up of groups
affects group-level traits, including to what extent additive and non-additive interactions
between the genotypes of group members are important. In this study, we used a
phenotypically and genetically variable laboratory population of M. pharaonis to study
the importance of intra-group genetic composition in the production of emergent grouplevel behavior. In groups of ants composed of workers from two different colony
genotypes, the effect of the genotype of group members was conditional on the other
group members (i.e. the interaction term was significant). Overall, our results highlight
the importance of specific genotypic combinations of group members on collective
phenotypes in general.
The non-additive interaction effect between the two genotypes explained a larger
proportion of variance than either genotype alone or the additive value between them,
suggesting that the specific combinations of genotypes within a group has a large effect
on variation in collective behavior (Figures 6-1 and 6-2). We further explored the
interaction effect by estimating the effect sizes for genotypes one and two (i.e. BLUPs)
while incorporating relatedness estimates based on the pedigree (Figures 6-3 and 6-4).
The sum of the two BLUPs represents the expected phenotype if the genetic effects of
interacting group members on collective behavior was additive. We specifically were
interested in whether there were any obvious patterns in the relationship between
observed and expected behavioral outputs. For example, we could have observed
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behavioral compensation, a situation where different genotypic combinations give similar
phenotypic outcomes meaning that as the predicted phenotypic level increased, the
observed phenotype would level off or remain flat. Although there is not an obvious
pattern of deviation from the expected values (and both behaviors were significantly
correlated with the combined BLUP values), there is a large amount of deviation from the
expected behavioral values, further emphasizing the point that the specific combination
of genotypes one and two played a large role in determining the behavior of the group.
Group-level phenotypes depend on potentially complex genetic interaction effects
between group members. Therefore, simple additive models, models that either consider
only additive effects or ignore the genotypes of social partners entirely, are not adequate
(Moore et al. 1997; Wolf et al. 1998; McGlothlin et al. 2010). When considering only a
focal individual’s genotype, models assume that the covariance between genotype and
phenotype is equivalent to the additive genetic variance but this is not the case when
either additive or interaction effects between focal individuals and social partners are
present (Kirkpatrick & Lande 1989; Lande & Kirkpatrick 1990; Moore et al. 1997;
McGlothlin et al. 2010).Furthermore, both additive and interaction effects between social
partners are genetic and, therefore, represent heritable components of the environment,
meaning that the environment itself can respond to selection and evolve over time
(Moore et al. 1997; Wolf et al. 1998; McGlothlin et al. 2010). Evolutionary models
considering only genetic effects in focal individuals fail to incorporate the changes to the
mean phenotype provided by the genetic components of the environment. Our results
build on previous work demonstrating that when attempting to understand the genotype-
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phenotype relationship or the evolutionary response to selection researchers strongly
consider both additive and interaction effects between social partners (reviewed by Bijma
2014; Bailey et al. 2017). Our results highlight that group-level phenotypes are difficult
to predict from additive expectations.
Although social interactions, and therefore the potential for additive and
interaction effects, occur between conspecifics of almost every species, these effects are
predicted to be especially important for social insects (Linksvayer 2015). Social insect
colonies are characterized by a division of labor between individuals within the colony,
which requires frequent communication between individuals, and by cooperative brood
care by workers (Oster and Wilson 1978; Beshers and Fewell 2001, Linksvayer 2006,
2015; Linksvayer & Wade 2005). The occurrence of interaction effects likely depends on
the amount of genetic variation within the colony. The amount of genetic diversity within
a social insect colony depends on a number of factors including whether the colony
includes one (monogyny) or multiple queens (polygyny), whether queen(s) mates with
one (monandry) or multiple males (polyandry), and the amount of inbreeding (Keller
1993; Bourke & Franks 1995; Boomsma & Ratnieks 1996; Oldroyd & Fewell 2007;
Haag-Liautard et al. 2009). We would expect interaction effects to be more prevalent in
colonies with more queens, higher levels of polygyny, and low levels of inbreeding.
Additionally, in unicolonial species, including M. pharaonis, individual workers can
freely move between neighboring colonies, leading to more genetic diversity (Giraud et
al. 2002) and a greater potential for interaction effects between genotypes. Finally,
genetic diversity within social insect colonies allows for “social heterosis,” the
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maintenance of genetic diversity through a mutualistic benefit of the inter-individual
expression of multiple alleles at a single locus (Nonacs & Kapheim 2008).
We found that group-level aggression, but not exploration, was negatively
correlated with the pairwise relatedness between genotypes one and two within a group.
While we might expect aggression towards conspecifics to increase as relatedness
decreases (although unicolonial species like M. pharaonis show little to no aggression
towards conspecifics; Schmidt et al. 2010), our assay quantified aggression towards a
second species (Tetramorium sp. E). The response-threshold model postulates that
workers within a social insect colony differ intrinsically, possibly due to genotypic
differences (Page & Robinson 1991), in the stimulus level at which they begin to
behaviorally respond (Wilson 1976; Robinson 1987; Beshers & Fewell 2001). Increased
genetic diversity within a social insect group would increase the likelihood that at least
some individuals would respond to a stimulus at a given level. Therefore, M. pharaonis
group-level aggression may have increased as genetic diversity increased (as relatedness
within the group decreased) because there was a greater chance that some group members
would respond aggressively to the Tetramorium workers and recruit others, through the
use of alarm pheromones, to also respond aggressively.
Overall, this study highlights the importance of the specific combinations of
genotypes in shaping collective behavior. We managed to identify interaction effects
between genotypes when only studying small groups of 18 workers, which are much less
complex than typical M. pharaonis colonies that can include hundreds of thousands of
workers in addition to multiple queens and brood at different developmental stages,
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suggesting that these effects are widespread, as predicted. Furthermore, our small groups
included only two distinct genotypes, while real colonies may have a wider range of
genotypes. Additionally, our study was conducted in the laboratory, we very carefully
controlled environmental conditions. In a natural setting, genotype by environment
interaction effects are likely very common, further complicating how genetic composition
affects group-level traits. Future studies should tease apart how the genotypic
composition of group members influences social interactions through different types of
social communication (e.g. pheromones, physical interactions, trophallaxis) and how
social interactions influence phenotypic variation across all colony members (e.g. queens,
workers, brood). Finally, future studies should also attempt to identify specific genes that
play a role in the social regulation of phenotypes (i.e. genes with indirect genetic effects).
One such approach could be to examine the composition of “social fluids,” fluids passed
between individuals (e.g. trophallaxis between workers or between workers and larvae),
and the gene expression of the tissues that produce the fluids, as social fluids have been
shown to be an important mechanism by which workers regulate the development of
brood (LeBoeuf et al. 2016).
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Table 6-1. A summary of GLM results on exploration and aggression.
Exploration

𝜒

Block

Genotype 1 x Genotype 2

df

p

18.71

5

0.002

87.72

55

0.003

145.43

4

<0.001

2

Aggression

Block

Genotype 1 x Genotype 2 338.02 41 <0.001
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Table 6-2. Estimates of the percentage of the variance explained exploration and
aggression.
Exploration

R2

Genotype one

0.194

Genotype two

0.190

G+G

0.283

GxG epistasis

0.388

Block

0.061

Aggression
Genotype one

0.380

Genotype two

0.362

G+G

0.427

GxG epistasis

0.527

Block

0.247
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Figure 6-1. Heatmaps showing the average level of exploration between colony
combinations across the six different blocks. Blue signifies high levels and red signifies
low levels of aggression. Darker shades of either color signify more extreme values.
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Figure 6-2. Heatmap showing the average level of aggression between colony
combinations across five different blocks. Blue signifies high levels and red signifies low
levels of aggression. Darker shades of either color signify more extreme values.
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Figure 6-3. A scatterplot showing the observed level of exploration over the combined
BLUPs of genotypes one and two, which represents an expected group-level exploration.
The red line shows a linear model and the rho and p values are from a Spearman rank
correlation test.
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Figure 6-4. A scatterplot showing the observed level of aggression over the combined
BLUPs of genotypes one and two, which represents an expected group-level aggression.
The red line shows a linear model and the rho and p values are from a Spearman rank
correlation test.
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CHAPTER 7
PHENOTYPIC CORRELATION BETWEEN QUEEN AND WORKER BROOD CARE
SUPPORTS THE ROLE OF MATERNAL CARE IN THE EVOLUTION OF
EUSOCIALITY1

ABSTRACT
Cooperative brood care by siblings, a defining feature of eusociality, is hypothesized to
be evolutionarily derived from maternal care via shifts in the timing of the expression of
genes underlying maternal care. If sibling and maternal care share a genetic basis, the two
behaviors are expected to be genetically and phenotypically correlated. We tested this
prediction in the black garden ant Lasius niger by quantifying the brood retrieval rate of
queens and their first and later generation worker offspring. Brood retrieval rate of
queens was positively phenotypically correlated with the brood retrieval rate of first
generation but not with later generation workers. The difference between first and later
generation workers could be due to the stronger similarity in care behavior provided by
queens and first generation workers compared to later generations. Furthermore, we
found that queen retrieval rate was positively correlated with colony productivity,
suggesting that natural selection is acting on maternal care. Overall, our results support
_____________________
1

This chapter has been published as a journal article: Walsh, J. T., Signorotti, L.,
Linksvayer, T. A. & d'Ettorre, P. 2018. Phenotypic correlation between queen and worker
brood care supports the role of maternal care in the evolution of eusociality. Ecology and
Evolution 8: 10409-10415.
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the idea of a shared genetic basis between maternal and sibling care as well as queen and
worker traits more generally, which has implications for the role of inter-caste
correlations in the evolution of queen and worker traits and eusociality.

INTRODUCTION
Sibling care, in which social insect workers forego reproduction to care for their younger
siblings, is one of the defining characteristics of eusociality (Wilson, 1971). Ultimately,
the evolution of sibling care can be explained by kin or colony-level selection (Hamilton,
1964; Wade, 1985; Wilson & Holldobler, 2005; Lehmann & Keller, 2006; Boomsma,
2007). However, the proximate mechanisms underlying sibling care are less understood.
A series of hypotheses suggest that sibling care is evolutionarily derived from maternal
care, so that maternal and sibling care are expected to be influenced by similar genes and
physiological mechanisms (Evans & West-Eberhard, 1970; West-Eberhard, 1978, 1987;
Amdam et al., 2004; Linksvayer & Wade, 2005; Amdam et al., 2006; Page & Amdam,
2007, Hunt et al., 2007).
The maternal heterochrony hypothesis proposes that the evolutionary origin of
sibling care results from a condition-dependent shift in the timing of expression of
maternal care genes (Linksvayer & Wade, 2005). Lower quality, less-fertile females
express care behaviors towards siblings before, or instead of, reproducing, while higher
quality, fully-fertile females express care post-reproductively towards offspring. At the
evolutionary origin of sibling care, before the evolution of discrete queen and worker
castes, sibling care behavior is hypothesized to be phenotypically identical to maternal
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care behavior, and to share all underlying molecular genetic and physiological
mechanisms (Linksvayer & Wade, 2005). After the evolution of queen-worker
dimorphism, maternal care behavior expressed by queens and sibling care behavior
expressed by workers are expected to diverge, depending on natural history and the
associated specific patterns of selection shaping queen and worker traits. However, even
in lineages with strong queen-worker dimorphism, brood care behaviors expressed by
queens (assuming queens still express maternal care at all) and workers are still expected
to share some mechanistic underpinnings due to pleiotropy. Therefore, queen- and
worker-expressed care behaviors are predicted to be genetically and phenotypically
correlated to some degree (Linksvayer & Wade, 2005). Such inter-caste genetic
correlations are expected to broadly affect the evolution of queen and worker traits, and
may constrain the independent optimization of queen and worker traits (Holman et al.,
2013; Holman, 2014; Pennell et al., 2018).
The maternal heterochrony hypothesis makes two major types of predictions
focused on the molecular genetic basis of trait expression and the quantitative genetic
basis of trait variation, which can be tested with functional genetic (e.g., transcriptomic)
and quantitative genetic empirical data, respectively (Linksvayer & Wade, 2005). First,
the maternal heterochrony hypothesis predicts that maternal and sibling care have shared
molecular and physiological mechanisms. The degree of overlap is expected to be highest
in facultatively and primitively eusocial species, where there is little to no queen-worker
dimorphism and maternal and sibling care behaviors are phenotypically identical. The
overlap is predicted to be lowest in obligately eusocial species with strong queen-worker
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dimorphism (although caste antagonism, antagonistic selection between castes, likely
prevents either caste from expressing its optimal caste-specific phenotype; Linksvayer &
Wade, 2005; Pennell et al., 2018). Transcriptomic studies in primitively eusocial vespid
wasps, bumble bees, and facultatively eusocial carpenter bees that explored the overlap of
transcriptome-wide gene expression profiles between workers and queens engaged in
maternal care provide preliminary support for these predictions (Toth et al., 2007; Toth et
al., 2010; Rehan et al., 2014; Woodard et al., 2014). To date, this prediction has not been
tested in ants, which are characterized by obligate eusociality.
Second, the maternal heterochrony hypothesis predicts that there will be
phenotypic and genetic correlations between maternal and sibling care (Linksvayer &
Wade, 2005). The magnitude and sign of the genetic correlation is expected to depend on
the degree of queen-worker dimorphism (Table 7-1). When there is little or no queenworker dimorphism (e.g., in facultatively and primitively eusocial species), maternal and
sibling care behaviors are more-or-less phenotypically identical and are expected to show
a strong, positive genetic correlation (i.e. r ~ +1.0). In contrast, in obligately eusocial
species with strong queen-worker dimorphism, selection acting to simultaneously
optimize both queen and worker traits is predicted to cause a negative genetic correlation
between queen and worker traits, as a result of trade-offs caused by inter-caste
antagonistic pleiotropy (Linksvayer & Wade, 2005; Pennell et al., 2018). That is, alleles
that positively affect both queen and worker performance are expected to fix, alleles that
negatively affect both queen and worker performance are expected to be lost, and only
alleles that have opposing effects on queen and worker performance are expected to
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remain segregating and contributing to observed genetic correlations (Linksvayer &
Wade, 2005). As far as we know, these predictions have not been empirically tested in
any species, even though they are also key to hypotheses regarding the evolution of intercaste correlations and caste antagonism (Holman, 2014; Pennell et al., 2018), but see
(Holman et al., 2013).
Here, we estimated the phenotypic correlation between queen and worker care
behaviors in the black garden ant Lasius niger, as a first exploration of the quantitative
genetic predictions of the maternal heterochrony hypothesis and also to test whether we
find evidence for inter-caste correlations for brood care, as predicted by the intralocus
caste antagonism framework (Pennell et al., 2018). In many ant species including L.
niger, after mating, a single queen excavates a chamber, seals herself in, lays a first
clutch of eggs, and independently cares for this first batch of larvae using fat reserves and
wing musculature (Keller & Passera, 1989; Sommer & Holldobler, 1995). This first
brood develops as workers, often called “nanitic” workers because of their small size,
that exit the nest chamber to collect food and care for the second brood. Subsequently,
the workforce and brood number rapidly grows from a few to hundreds, and care
behavior is expected to transition from individuals (i.e. the queen or nanitic workers)
providing all necessary care serially to a small number of larvae, to many workers
providing care in parallel to many larvae, with the potential for worker specialization on
certain aspects of brood care (e.g., caring for a certain larval stage; Walsh et al., 2018), as
well as assembly-line dynamics (Seeley, 1995; Jeanne, 1986, 1999; Anderson &
Ratnieks, 1999; Hart et al., 2002; Johnson & Linksvayer, 2010).
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Based on the maternal heterochrony hypothesis and hypotheses regarding the
evolution of inter-caste correlations (Linksvayer & Wade, 2005; Holman et al., 2013;
Holman, 2014; Pennell et al., 2018), we make the following predictions: 1) If queen and
worker nursing behaviors are genetically correlated due to pleiotropy, queen and worker
nursing behaviors should also be phenotypically correlated. 2) If our measure of brood
care is tied to colony fitness, we expect to find a positive relationship between brood care
and colony productivity. We tested these predictions by measuring colony productivity
and the nursing behavior of L. niger queens and first and later generation workers.

METHODS
Colony collection and setup
We collected recently mated L. niger queens during their nuptial flight in Paris, France in
August, 2012. We placed individual queens in glass tubes (length 15 cm, diameter 1.5
cm) plugged with a cotton plug. The bottom half of the tube was filled with water and
plugged with cotton to provide the queen with water. We did not give the queens access
to food because in nature they survive off their internal reserves until their first workers
begin to forage. We maintained queens in the dark and at room temperature (ranging
between 17 and 24 °C).
We monitored each queen for egg-laying and excluded queens that did not lay
eggs by September 15th. After the first worker eclosed, we opened the tubes by removing
the cotton plug and placed the tubes in individual plastic boxes (10 x 15 x 4 cm). We fed
the colonies two times per week with honey and freshly frozen adult fruit flies
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(Drosophila melanogaster) and maintained them under an inverted photoperiod. We
conducted all experiments during the day (which was night time for the ants) under red
light to minimize disturbance.
Brood retrieving tests
Queens
Before starting the behavioral assays, we monitored the incipient colonies for the
presence of at least six brood items (medium or large larvae and/or pupae). We inserted
an Eppendorf tube (1.5 ml, without the cap and containing a small piece of humid cotton
at the bottom) into the queen nest (the glass tube) and left it there for three days. In this
way the tube would get the nest odor and the queen could familiarize with it. On the
fourth day, we placed the queen, six brood items (larvae and/or pupae) and the Eppendorf
tube bearing the nest odor into a neutral circular arena (plastic Petri dishes, 50 mm
diameter) (Figure 7-1). We used a small paintbrush to manipulate brood items. To allow
the queen to acclimatize to the arena, we placed the queen in a plastic cylinder in the
arena for three minutes before beginning the assay. The arena was likely perceived by the
queen as a novel environment and the Eppendorf tube as her nest. Therefore, the queen
was expected to retrieve the brood items and bring them back to the tube.
We used Etholog 2.25 (Ottoni, 2000) to record the first contact with brood, the
number of brood items retrieved within 10 minutes, and the duration of the total
retrieving task. Differences between individuals in brood retrieval could be due to
differences in nest mate recognition ability if individuals are more likely to retrieve brood
from their own nest. Therefore, each individual was tested two times: once with brood
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from her own colony and once with brood from a conspecific colony. We conducted the
two trials 20 minutes apart and randomized the order. During the 20 minute break, we
placed the queens back in their own nest tube. We tested a total of 79 queens between
October and November 2012.
Workers
We monitored the colonies daily for the eclosion of the first generation of workers and
marked each individual with a dot of paint on the thorax shortly after eclosion. We
conducted the brood retrieval assay on workers when they were about 30 days old as
prior to 30 days workers usually are not motivated to explore an unfamiliar arena. We
tested worker brood retrieval identically to queen brood retrieval, though we tested three
workers together. We used three workers 1) to imitate realistic social conditions and 2) to
increase the likelihood of brood retrieval by workers, which may vary in their readiness
to perform the task.
As for queens, we tested each group of workers two times, once with their own
brood items and once with conspecific brood. We tested 67 groups of three first
generation workers between November 2012 and February 2013. After the assays, we
placed the tested workers back into their own nests.
Starting August 2013, we monitored the colonies daily for the eclosion of later
generation workers. We marked the workers after eclosion and tested them after 30 days
following the same procedure as the first generation workers. We tested 50 groups of
three later generation workers between September and October 2013.
Colony productivity
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To test whether the brood retrieval of queens or workers was correlated with colony
fitness, we measured the productivity of each colony by counting the number of workers
and brood items present in the nest. We quantified productivity twice, once after each
round of worker brood retrieval assays was complete.
Statistical analysis
We performed all statistical analyses in R version 3.4.1 (R Core Team, 2014). Retrieval
rates (number of brood items retrieved divided by the duration of the retrieving task)
were not normally distributed (Shapiro-Wilk test; W = 0.964, p < 0.001). Therefore, we
used non-parametric Wilcoxon signed-rank tests to examine whether retrieval rates were
different when individuals retrieved their own brood versus brood from another colony.
We used a non-parametric Kruskal Wallis test when comparing the average retrieval rates
of queens and workers. We used Spearman rank correlations when testing for correlations
between retrieval rates of queens and workers. We confirmed the results of the spearman
rank correlations with generalized linear mixed models (GLMMs) for queen or worker
retrieval rate and included brood identity (same colony of a different colony) as a fixed
effect and colony identity as a random effect (see supplemental script for details). Finally,
we fit GLMMs for colony productivity using the package MASS (Venables & Ripley
2002). We included retrieval rates as a fixed effect and colony identity as a random
effect. Because the productivity data was overdispersed (test for overdispersion: W =
8.758, p < 0.001), we used quasipoisson distributions in the GLMMs. We generated all
plots using the package ggplot2 (Wickham, 2009).
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RESULTS
Queens and workers showed no difference in their retrieval rates of same-colony versus
different-colony brood (Wilcoxon signed-rank test; queens: W = 1991, p = 0.5027; first
generation of workers: W = 1733, p = 0.5152; later generations of workers: W = 1284, p
= 0.8146), suggesting nestmate recognition did not play a role in the retrieval assays.
Therefore, we did not distinguish between brood types for the subsequent analyses.
First generation workers retrieved brood at a faster rate than queens but not later
generation workers (Kruskal-Wallis; χ2 = 8.963, p = 0.0113; post hoc: queens and first
generation workers: p = 0.013; queens and later generation workers: p = 0.870; first and
later generation workers: p = 0.073). Furthermore, the retrieval rates of queens and first
generation workers were positively correlated (Spearman rank; rho = 0.3080, p = 0.0157;
Figure 7-2), while the retrieval rates of queens and later generation workers and first and
later generation workers were not correlated (queens and later generation workers: rho = 0.2556, p = 0.0733; first and later generation workers: rho = -0.0577, p = 0.6906).
At the first census, the retrieval rates of neither queens nor first generation
workers had a significant effect on total colony productivity (GLMM: queens: χ 2 =
1.8289, df = 1, p = 0.3212; workers: χ 2 = 1.0878, df = 1, p = 0.4443), defined as the
number of workers, larvae, and pupae in the colony. At the second census, the retrieval
rate of queens was significantly positively associated with colony productivity (χ 2 =
62.812, df = 1, p = 0.0215; Figure 7-3). The retrieval rate of workers was not associated
with colony productivity (first generation workers: χ 2 = 24.803, df = 1, p = 0.1581; later
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generation workers: χ 2 = 34.703, df = 1, p = 0.0553). Colony productivity at the first
census was significantly positively associated with colony productivity at the second
census (χ 2 = 73.024, df = 1, p = 0.0132).

DISCUSSION
The evolution of eusociality is considered a major transition in evolution (Maynard Smith
& Szathmáry, 1995). Sibling care, one of the defining features of eusociality, is
hypothesized to have evolved via heterochronic changes in the expression of genes
involved in maternal care. Here, we provide the first exploration in any species of the
predictions made by the maternal heterochrony hypothesis regarding the quantitative
genetic basis of trait variation. Specifically, the maternal heterochrony hypothesis
predicts that maternal and sibling care will be phenotypically correlated due to shared
genetic mechanisms underlying the two traits. In accordance with this prediction, we
found that the brood retrieval rate, a component and proxy of care behavior, of L. niger
queens was correlated with the retrieval rate of workers. Furthermore, we found that the
retrieval rate of queens was positively correlated with colony productivity at the second
census, suggesting natural selection is acting on maternal care. Although the retrieval rate
of workers was not correlated with colony productivity, it is possible that worker retrieval
rate is linked to colony productivity at larger colony sizes. While we tested the
predictions of the maternal heterochrony hypothesis in only one species, these results
support the idea of a shared genetic basis between maternal and sibling care and queen
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and worker traits more generally, which has implications for the hypothesized link
between maternal care and the evolution of eusociality.
Interestingly, we found that the retrieval rate of queens was correlated with the
retrieval rate of first generation but not later generation workers and that this correlation
was positive. According to the maternal heterochrony hypothesis, the correlation between
queen and worker traits is expected to become increasingly negative as queen-worker
dimorphism increases because queen and worker traits cannot be both simultaneously
optimized (Linksvayer & Wade 2005; Table 7-1). Therefore, assuming that maternal and
sibling care behaviors are distinct to some degree, we would expect maternal and sibling
care to be negatively correlated across all generations of workers in L. niger. However,
we found a positive correlation between the brood care of queens and first generation
workers (rho = 0.3080, p = 0.0157), and no significant correlation between the brood care
of queens and later generation workers.
The discrepancy between the observed phenotypic correlation between queen and
first generation versus later generation workers could be the result of maternal care being
more similar to the care provided by first generation workers than the care provided by
later generation workers. That is, if these two behaviors are very similar (as in the
situation where there is little to no queen-worker dimorphism), we expect this correlation
to be positive. The social environment experienced by the queen and the first generation
workers is very different than the environment experienced by subsequent generations of
workers, and indeed the types of care behaviors performed may differ. Queens and first
generation workers care for, and have to respond to, only a small number of developing
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larvae while subsequent generations of workers care for many more larvae. When colony
size is small, colonies are not “fully functional” as the per capita work is expected to be
linear in small colonies but nonlinear in large colonies (Jeanne, 1986, 1999; Johnson &
Linksvayer, 2010). The transition from linear to nonlinear output is driven by the benefits
of worker specialization and complex organization. For example, Jeanne (1999) found
that Polybia occidentalis workers exhibit “assembly line dynamics” (Johnson &
Linksvayer, 2010) wherein workers specialize on one of many different tasks and each
worker requires the help of workers specialized on the other tasks. Colonies suffer a time
delay if one of the tasks is performed more slowly than the others. Jeanne found that it
requires at least 50 workers for the benefit of worker specialization to outweigh the time
delay costs. Therefore, it is unlikely that workers in small L. niger colonies specialize on
specific tasks and, similar to queens, must perform all necessary brood care behaviors
(i.e. nursing, grooming, carrying, etc.) on larvae of all developmental stages. In larger
colonies, it is possible that L. niger workers specialize on caring for a subset of larval
developmental stages or on performing a subset of brood care behaviors (Walsh et al.,
2018).
Indeed, we know that first generation workers are not only morphologically
distinct from post-nanitic workers (first generation, nanitic workers can be as small as
half the size of normal workers; Porter & Tschinkel, 1986), but are behaviorally distinct
as well. For example, fire ant (Solenopsis invicta) nanitic workers are more efficient at
rearing brood than larger sized workers (Porter & Tschinkel, 1986) while Ectatomma
tuberculatum nanitic workers are less efficient at capturing prey than regular sized
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workers (Dejean & Lachaud, 1992). Overall, it is likely that the care provided by first
generation workers is very different than the care provided by subsequent generations of
workers and could therefore be considered as two different traits. This could explain the
observed difference in the correlation with queen behavior.
We also cannot rule out the possibility that the observed phenotypic correlation
between the retrieval rates of queens and first generation workers was due to shared
environmental, and not necessarily genetic factors. For example, it is possible that queens
in good condition (e.g., with high fat reserves) are better able to care for the developing
first generation workers. L. niger queens feed the developing nanitic workers using their
own fat reserves and flight musculature (Keller & Passera, 1989; Sommer & Holldobler,
1995). Therefore, larger, better-fed queens can likely produce higher quality nanitic
workers, which in turn might have higher retrieval ability, resulting in a positive
phenotypic correlation between queen and worker retrieval rates. However, we would
expect high-quality queens to also have high-quality later generation workers due to the
quality of care provided by first generation workers, but we observed this positive
correlation in only the first generation of workers. Additional experiments are necessary
to completely rule out the role of shared environmental factors.
Overall, our study provides the first test of the predictions of the maternal
heterochrony hypothesis regarding the quantitative genetic basis of trait variation and
provides support for the role of inter-caste correlations and caste antagonism in the
evolution of queen and worker traits in eusocial insects. Future experiments should test
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for phenotypic and genetic correlations between maternal and sibling care across
independent origins of eusociality.
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Table 7-1. Predicted directions of genetic and environmental correlations between
maternal and sibling care when maternal and sibling care have high versus low similarity,
corresponding to a relatively low versus high degree of queen-worker dimorphism.

Maternal and sibling care similarity
High

Low

Genetic

+

-

Environmental

+

+
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Figure 7-1. Schematic showing the experimental setup. We inserted in the Petri dish the
queen or three workers separated by a plastic cylinder, six brood items and the small
plastic tube the ants used as a nest.
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Figure 7-2. Scatterplot showing the correlation between retrieval rates (number of
retrievals per second) of queens and first generation workers.
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Figure 7-3. A scatterplot showing the colony productivity (total number of workers,
larvae, and pupae in the colony) at the second census and the retrieval rate of queens
(number of retrievals per second). The best-fit line illustrates the relationship.
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CHAPTER 8
ANT NURSE WORKERS EXHIBIT BEHAVIORAL AND TRANSCRIPTOMIC
SIGNATURES OF SPECIALIZATION ON LARVAL STAGE1

ABSTRACT
Division of labor within and between the worker and queen castes is thought to
underlie the tremendous success of social insects. Colonies might benefit if subsets of
nurse workers specialize further in caring for larvae of a certain stage or caste, given that
larval nutritional requirements depend on stage and caste. We used short- (<1 hr) and
long-term (ten days) behavioral observations to determine whether nurses of the pharaoh
ant (Monomorium pharaonis) exhibit such specialization. We found evidence for
behavioral specialization among nurses based on larval instar but not larval caste. This
specialization was widespread, with 56% of nurses in the short-term and between 22-27%
in the long-term showing significant specialization. Additionally, we identified ~200
genes that were differentially expressed in nurse head and abdominal tissues between
nurses feeding young versus old larvae. These included 18 genes predicted to code for
secreted proteins, which may be passed from nurses to larvae via trophallaxis, as well as
vitellogenin and major royal jelly protein-1, which have previously been implicated in the
transfer of nutrition from nurse to larvae and the regulation of larval development and
__________________
1

This chapter has been published as a journal article: Walsh, J. T., Warner, M. R., Kase, A.,
Cushing, B. J. & Linksvayer, T. A. 2018. Ant nurse workers exhibit behavioural and
transcriptomic signatures of specialization on larval stage. Animal Behaviour 141: 161169.
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caste in social insects. Altogether, our results provide the first evidence in any social
insect for a division of labor among nurse workers based on larval stage, and our study
begins to elucidate the molecular mechanisms underlying this specialization.

INTRODUCTION
Division of labor, one of the defining characteristics of eusociality, is believed to
be the primary reason for the tremendous success of social insects (Wilson 1971; Oster
and Wilson 1978; Wilson 1987). Within this system of division of labor, queens
specialize on reproduction while workers specialize on tasks including brood care,
foraging, and nest defense (Oster and Wilson 1978; Wilson 1987; Beshers and Fewell
2001). Increased worker efficiency within colonies is thought to be the main colony-level
benefit of division of labor. Behavioral specialists, through learning or physiological
differences, are expected to be more efficient than generalists (Oster and Wilson 1978;
Robinson 1992; Wahl 2002), but see Dornhaus (2008) and Muscedere et al. (2009).
Indeed, social insect behavioral specialists demonstrate increased efficiency in nest
emigration (Langridge et al. 2008), nest excavation (Jeanson et al. 2008), undertaking
(Trumbo and Robinson 1997; Julian and Cahan 1999), and response to sucrose (Perez et
al. 2013).
Worker specialization is widespread, and is driven by a diversity of factors and
proximate mechanisms. In many species, worker specialization depends on age, with
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younger workers generally performing tasks inside the nest (e.g. brood care) and older
workers performing tasks outside the nest (e.g. foraging) (Oster and Wilson 1978;
Robinson 1992; Beshers and Fewell 2001; Mikheyev and Linksvayer 2015).
Alternatively, worker tasks can be allocated based on body size and shape, as many
species exhibit morphologically distinct worker sub-castes that perform different roles
within the colony (Oster and Wilson 1978; Beshers and Fewell 2001). Worker variation
in behavioral specialization can also occur independently of age and morphology
(Gordon 1989; Jeanson and Weidenmuller 2014). This interindividual variability can be
the result of genetic diversity among workers (Oldroyd and Fewell 2007), environmental
differences during early development (Tautz et al. 2003; Weidenmuller et al. 2009),
variation in adult nutritional state (Blanchard et al. 2000; Ament et al. 2011;
Charbonneau et al. 2017), prior experience (Theraulaz et al. 1998), and the social
environment (Webster and Ward 2011).
Cooperative brood care, which includes feeding, grooming, and carrying brood, is
one of the most important suites of tasks performed by adult workers (Oster and Wilson
1978; Wilson 1987). Different larvae have different nutritional requirements depending
upon their caste and developmental stage (Cassill and Tschinkel 1996). For example,
young fire ant (Solenopsis invicta) larvae are fed exclusively liquid food via nurse-larva
trophallaxis while older larvae are also fed solid protein (Petralia et al. 1980; Tschinkel
1988; Cassill et al. 2005). Furthermore, old larvae require more frequent and longer
feedings than young larvae (Cassill and Tschinkel 1996, 1999).
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The caste fate of developing larvae in social insects is socially regulated by nurse
workers (Linksvayer et al. 2011; Linksvayer 2015; Vojvodic et al. 2015), often based on
the quantity and quality of nutrition provided to larvae (Wheeler 1986; Hunt and Nalepa
1994; Trible and Kronauer 2017). In ants, adult queens tend to have higher fat and
protein content relative to workers, and it is usually assumed that queen-destined larvae
are fed different quantities and qualities of food compared to worker-destined larvae
(Hunt and Nalepa 1994; Smith and Suarez 2010; Amor et al. 2016; Warner et al. 2016).
Furthermore, recent research in the Florida carpenter ant (Camponotus floridanus) found
that nurse workers transfer juvenile hormone, microRNAs, hydrocarbons, various
peptides, and other compounds to larvae during feeding (LeBoeuf et al. 2016), providing
a potential further mechanism for nurses to provide stage- and caste-specific nutrition to
larvae that may regulate larval development.
Recent research in honey bees (Apis mellifera) suggests that nurse workers exhibit
both behavioral and transcriptomic specialization on larval caste (He et al. 2014;
Vojvodic et al. 2015). However, these studies did not test for specialization on larval
stage and, to the best of our knowledge, no previous study has investigated the potential
for nurse specialization on caste or larval stage in ants. In this study, we tested whether
individual pharaoh ant (Monomorium pharaonis) nurse workers exhibit behavioral
specialization on different larval stages or castes, as measured on both short (< 1 hr) and
long (10 days) timescales. We estimated how widespread such specialization is and the
contribution of specialists to colony-level brood care. Building on our behavioral results,
we used an existing transcriptomic data set (Warner et al. 2017) to identify genes with
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expression patterns that may be associated with nurse specialization. Overall, we sought
to elucidate whether nurse specialization exists in ants, how it contributes to colony-level
brood care, and what gene expression patterns might be associated with such
specialization.

METHODS
Background and Overall Design
All colonies used in this study were reared in the lab and were derived from stock
colonies that have been systematically interbred for the past 10 years. We fed the
colonies twice per week with an agar-based synthetic diet (Dussutour and Simpson 2008)
and mealworms, and we maintained all colonies at 27 ± 1 °C, 50% relative humidity, and
a 12:12 light:dark cycle. We conducted all behavioral observations manually using a
dissecting microscope and red light. To keep the temperature constant during behavioral
observations, we kept the colonies on a heating pad set to 27 °C.
M. pharaonis larvae have three instars (Alvares et al. 1993) that are
distinguishable by body size, body shape, hair abundance, and hair morphology (Berndt
and Kremer 1986). Although reproductive-destined larvae (males and gynes) cannot be
distinguished from worker-destined larvae as eggs or 1st instar larvae, they can be readily
distinguished after the 1st instar (Berndt and Kremer 1986; Edwards 1991). Since
colonies usually only produce new gynes and males in the absence of fertile queens
(Peacock et al. 1955; Edwards 1987), we set up queen-absent colonies, which rear both
worker- and reproductive-destined larvae, when testing for specialization on larval caste.
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For both the behavioral observations and transcriptomic analyses, we initially classified
the larvae into five stages based on size and hair morphology: 1st instar, 2nd instar, and
small, medium, and large 3rd instar (see Berndt and Kremer 1986; Warner et al. 2016 for
details). However, for subsequent behavioral analyses, we only considered larval instar.
Short-term Observations
First we conducted short-term observations of unmarked workers in both queenpresent (n = 8) and queen-absent (n = 3) colonies to determine whether nurses exhibited
short-term specialization based on larval instar (using queen-present colonies) or larval
caste (using queen-absent colonies). We observed colonies until we saw a worker feed a
larva of any instar or caste, and then we continuously observed that nurse worker for as
long as possible (max = 67 minutes). We recorded each time the nurse fed a larva, as well
as the stage and caste of the larva, using the event logging software “BORIS” (Friard and
Gamba 2016). We defined feeding behavior as a stereotypical behavioral interaction
between the nurse worker and larva in which the mouthparts of the nurse and larva were
in contact for at least three seconds. We defined both the transfer of solid food particles
and liquid food via trophallaxis from nurse to larva as feeding behavior and did not
distinguish between these two feeding behaviors. We restricted subsequent analysis to
nurses we observed feeding at least three times.
Long-term Observations
Next, we attempted to test whether individually-marked nurses in queenless
colonies express long-term specialization (across ten days). We wanted to track nurses
for at least ten days because this time scale includes the entire amount of time that M.
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pharaonis workers tend to perform nursing behaviors (Mikheyev and Linksvayer 2015).
In each of five colonies, we collected a cohort of 63 one-day-old callow workers and we
uniquely painted each of these focal individuals with paint dots on their heads and
abdomens using combinations of eight colors. Specifically, we lightly anesthetized them
with carbon dioxide and marked their heads and abdomens with a dot of paint using
Sharpie extra-fine point, oil-based paint pens (Dornhaus 2008; Dornhaus et al. 2008;
Charbonneau et al. 2017). To control for potential behavioral effects of the paint, we
painted all remaining adult workers in the colonies with black dots on their heads and
abdomens. Because all 63 focal individuals in each colony were age-matched, we were
able to control for possible effects of nurse age on potential behavioral specialization.
We constructed queen-absent colonies with 400 workers and 2.5 mL of brood (i.e.
approximately 500 eggs, larvae, and pupae of different stages; Warner et al. 2016, 2018)
and recorded all observed feeding, grooming, or carrying behaviors performed by all
focal individually-marked workers. We initially used queen absent colonies because such
colonies normally raise new queens and we wanted to test for longer-term specialization
for caste. However, given that we observed no short-term specialization for caste, and our
colonies ended up not producing sexual brood, we only considered potential long-term
specialization based on larval stage . We defined feeding as described above, when an
individually-marked worker’s mandibles interacted with a larva’s mandibles for at least
three seconds. We defined grooming as an interaction between worker mandibles and a
larva for a minimum of three seconds. We defined carrying as a worker lifting a larva
with her mandibles and transporting the larva to another location. We analyzed feeding,
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grooming, and carrying behavior separately. We observed all colonies for three hours per
day for ten consecutive days and restricted subsequent analysis to individuals we
observed feeding, grooming, or carrying at least three times.
Statistical Analysis of Behavioral Specialization
Previous studies have often looked for evidence of behavioral specialization by
identifying individuals that were statistical outliers among all individuals in colonies, in
terms of performing a behavior (e.g., undertaking behavior; Julian & Cahan 1999, Diez et
al. 2013) more times than expected based on a Poisson distribution. We asked whether
individuals repeatedly performed nursing behaviors towards one of two larval categories
(for caste: worker- vs. reproductive destined larvae; for stage: young vs. old).
Importantly, our approach provides an unbiased means to test whether every individual
displays a significant bias (i.e. "specialization") in nursing based on larval stage or larval
caste, and also to quantify the proportion of all individuals that display such
specialization.
We performed all statistical analyses in R version 3.4.1 (R Core Team 2014). For
both short and long-term observations, we first used binomial generalized linear mixed
models (GLMMs) to ask whether individual nurses differed significantly in their degree
of specialization on larval stage or caste. To test for nurse specialization on larval instar,
we grouped 1st and 2nd instar larvae as “young” larvae and all 3rd instar larvae as “old”
larvae. This grouping is biologically meaningful as young fire ant larvae are fed solely a
liquid diet while old larvae are also fed solid food (Petralia et al. 1980; Tschinkel 1988;
Cassill et al. 2005). During our observations, we similarly observed M. pharaonis nurses
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feed 1st and 2nd instar larvae only a liquid diet but 3rd instar larvae both liquid and solid
food. Specifically, we fit GLMMs with the R package lme4 (Bates et al. 2015) for the
proportion of fed larvae that were young versus old, with the identity of the nurse as a
random effect and colony identity and nurse age as fixed effects when appropriate.
Similarly, to test for nurse specialization on larval caste, we fit GLMMs for the
proportion of fed larvae that were reproductive- versus worker-destined larvae. We
evaluated the significance of both fixed and random effects using likelihood ratio (LR)
tests. LR tests are appropriate for evaluating the significance of random effects in
binomial models when the models contain fewer than three random effects (Bolker et al.
2009). A significant random effect of nurse identity in these models indicates that there is
variation among individual nurses for degree of behavioral specialization, providing
initial evidence for behavioral specialization within colonies.
Next, given that we found evidence for behavioral specialization (see Results), we
used binomial tests to ask whether each individual significantly specialized on young
versus old larvae, or reproductive versus worker larvae, based on recorded observations.
We restricted analysis to nurses with at least six observations because this is the
minimum number of observations that could potentially identify significant (P < 0.05)
specialization with a binomial test. We estimated the expected frequency (i.e.
“probability of success” in the binomial test) of interacting with larvae of one stage or
caste relative to another stage or caste based on the observed proportion of interactions
for the two stages or castes (e.g., the number of observed interactions between nurses and
1st instar larvae relative to 3rd instar larvae). In order to first determine whether any of
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the individual nurses we observed could be confidently classified as specialists, we first
used binomial tests with a type I error rate corrected for multiple comparisons across all
tested individuals. Given that some individuals were confidently identified as specialists
with these conservative criteria, we next estimated the overall proportion of specialist
versus non-specialist nurses in our study colonies using a type I error rate of 0.05 for each
binomial test run separately for each individual nurse. This test provides an unbiased
approach to determine one-at-a-time whether each individual displayed significant
specialization or not.
Gene Expression Analysis
Warner et al. (2017) performed RNA sequencing on a developmental time series
of the five M. pharaonis larval stages as well as nurses collected in the act of feeding
each of these larval stages. This previous study focused on identifying caste-biased genes
across development and studying patterns of molecular evolution of these genes. In the
current study, we take advantage of the fact that nurse samples used in Warner et al.
(2017) were collected in the act of feeding one of the five larval stages, and we use the
Warner et al. (2017) data set to compare transcriptomes of nurses feeding different larval
stages. We chose to focus on nurses feeding very young versus very old larvae to
maximize our power to detect differential expression based on the stage of larvae fed.
Specifically, we used 11 samples of tissues from nurses collected in the act of feeding 1st
instar larvae (5 head samples and 6 abdomen samples) and 10 samples of nurses collected
in the act of feeding large 3rd instar larvae (5 head and 5 abdomen) to identify genes
differentially expressed between nurses feeding larvae at the extreme young and old end
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of the developmental trajectory. Warner et al. (2017) immediately flash froze the
collected nurses in liquid nitrogen. See supplemental information for a brief summary of
the sample collection procedure; for details of sample collection, RNA extraction, library
preparation, sequencing, and estimation of per-locus expression, see Warner et al. (2017).
After removing lowly expressed genes (FPKM < 1 in ½ the samples), we used the
package EdgeR (Robinson et al. 2010) for differential expression analysis. We
constructed a GLM-like model, including larval stage fed, replicate, and queen presence
as additive effects to identify genes differentially expressed between nurses feeding
young versus old larvae (1st instar versus large 3rd instar; separately for head and
abdomens). We calculated gene ontology (GO) term enrichment of differentially
expressed genes using the R package GOstats, with a cut-off P-value of 0.05 (Falcon and
Gentleman 2007).
To test whether genes found to be differentially expressed between nurses tended
to code for secreted proteins in Drosophila melanogaster, we compiled a list of genes
annotated as coding for secreted proteins according to the online tool GLAD (Hu et al.
2015). From this list, we identified secreted proteins with orthologs in M. pharaonis
using a recently created orthology map between M. pharaonis, Apis mellifera, and D.
melanogaster (Warner et al. unpublished manuscript; orthology map included as
Supplementary Data). We estimated the association between a gene’s likelihood to be
differentially expressed and secreted, removing all genes for which a D. melanogaster
ortholog was not detected. We generated plots using the R package ggplot2 (Wickham
2009).
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RESULTS
Short-term Specialization on Larval Stage
We observed 52 nurses feed at least three times (mean = 8.8 feeding events) and
we included these nurses in the GLMMs. The random effect of nurse identity was
significant, suggesting that nurses tended to specialize on feeding either young or old
larvae (Table 8-1). Next, to classify each individual nurse as showing significant
specialization or not (i.e. to classify nurses as specialists or non-specialists), we used
binomial tests with an expected proportion of old larvae relative to young plus old larvae
of 0.781 (the observed proportion of old larvae fed across all individuals in long-term
feeding observations). We used the observed proportion from long-term observations, as
opposed to short-term observations, because we specifically attempted to balance the
number of recorded old and young larvae feeding events (in terms of total number of
observations, not per individual) during short-term observations. Therefore the observed
short-term proportions are not an accurate representation of the naturally-occurring
proportions. We included the 32 nurses we observed feed at least six times. When using a
type I error rate corrected for multiple comparisons, which should produce a conservative
estimate of the frequency of specialists across the whole study, we classified about 56%
(18/32) of nurses as specialists (Bonferroni-adjusted P). When using a type I error rate of
0.05, which should yield an unbiased estimate of the frequency of specialists versus
generalists within colonies, we again classified about 56% (18/32) of nurses as
specialists. These specialists performed about 65% (242/375) of the observed feedings.
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Short-term Specialization on Caste
We observed 22 nurses feed at least three times (mean = 5.64 feeding events). The
random effect of nurse identity in the GLMM was not significant (Table 8-1) indicating
that nurses did not specialize on larval caste. In the binomial tests, we included the ten
nurses we observed feed at least six times and used an expected proportion of
reproductive-destined larvae of 0.534. When correcting for multiple comparisons, we
classified zero nurses as specialists. When using a type I error rate of 0.05, we classified
10% (1/10) of nurses as specialists and this specialist performed about 6% (9/142) of the
observed feedings (Figure 8-1).
Long-term Feeding Specialization on Larval Stage
We observed 40 nurses feed at least three times (mean = 12.9 feeding events).
Nurses fed old larvae in the majority of observed feeding events (78.1%). The effects of
nurse identity and colony identity were significant (Table 8-1), indicating that nurses
tended to specialize on feeding either young or old larvae. The age of the nurse was not
significant. In the binomial tests, we included the 30 nurses we observed feed at least six
times and used an expected proportion of old larvae of 0.781. When correcting for
multiple comparisons, we classified 20% (6/30) of nurses as being long-term specialists
on larval stage. When using an uncorrected type I error rate of 0.05, we classified about
27% (8/30) of nurses as long-term specialists and these long-term specialists performed
about 42% (201/480) of the observed feedings (Figure 8-2). Long-term specialists
performed significantly more feedings than non-specialists (Mann-Whitney-Wilcoxon
test; W= 19.5, P = 0.0013).
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Long-term Grooming Specialization on Larval Stage
We observed 32 individuals grooming larvae at least three times (mean = 33.9
grooming events). Nurses groomed old larvae in the majority of observed grooming
events (58.1%). The effects of nurse identity and colony identity were significant (Table
8-1), indicating that nurses tended to specialize on feeding either young or old larvae. The
age of the nurse was not significant. In the binomial tests, we included the 24 nurses we
observed groom at least six times and used an expected proportion of old larvae of 0.581.
When correcting for multiple comparisons, we classified about 13% (3/24) of nurses as
specialists. When using an uncorrected type I error rate of 0.05, we classified 25% (6/24)
of nurses as specialists and these specialists performed about 39% (406/1053) of the
observed groomings (Figure 8-2). The number of groomings performed by specialists
and non-specialists was not significantly different (W = 29, P = 0.1021).
Long-term Carrying Specialization on Larval Stage
We observed 17 individuals carrying a larva at least three times (mean = 13.4
carrying observations). Nurses carried young larvae in the majority of observed carrying
events (89.3%). The effects of nurse identity and colony identity were significant (Table
8-1), indicating that nurses tended to specialize on feeding either young or old larvae. The
age of nurse was not significant. In the binomial tests, we included the nine nurses we
observed carrying a larva at least six times and used an expected ratio of old to young of
0.107. When correcting for multiple comparisons, we classified zero nurses as specialists.
When using an uncorrected type I error rate of 0.05, we classified about 22% (2/9) of
nurses as specialists and these specialists performed about 12% (24/197) of the carrying
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observations (Figure 8-2). The number of carrying observations performed by specialists
and non-specialists was not significantly different (W = 13, P = 0.100).
Transcriptomic Analysis
We identified 209 and 173 differentially expressed genes (DEGs) in the heads and
abdomens, respectively, of nurses collected while feeding young (i.e. 1st instar) versus
old (i.e. large 3rd instar) worker larvae (FDR < 0.05; Figure 8-3). In both nurse heads
and abdomens, we identified more up-regulated genes in nurses feeding young versus old
larvae (two-sided binomial, null hypothesis of 50% upregulated in nurses feeding young
larvae; heads: N = 209, P < 0.001; abdomens: N = 173, P < 0.001). Based on contingency
table analysis, genes up-regulated in heads of nurses feeding young larvae also tended to
be upregulated in abdomens of nurses feeding young larvae (χ2 = 312, df = 1, P < 0.001).
Similarly, genes up-regulated in the heads of nurses feeding old larvae tended to be
upregulated in the abdomens of nurses feeding old larvae (χ2 = 260, df = 1, P < 0.001).
Additionally, there was an overall correlation between expression fold change in nurse
heads and abdomens across all differentially expressed genes between nurses feeding
young versus old larvae (Figure 8-3). For genes associated with each nurse type, gene
ontology was largely dominated by metabolism-related categories. Genes up-regulated in
the heads of nurses feeding young larvae were also associated with isoprenoid (a type of
hydrocarbon) processing, and genes up-regulated in the abdomens of nurses feeding
young larvae were associated with transport and localization.
Genes that were differentially expressed in nurses based on larval stage were
more likely to code for proteins known to be secreted by cells in Drosophila
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melanogaster (χ2 = 29.1, df = 1, P < 0.001; 18 DGEs coding for secreted proteins out of
148 total DGEs with orthologs in D. melanogaster. 178 genes had orthologs that code for
secreted proteins in D. melanogaster, out of 5391 genes in the analysis). Nearly all of the
DEGs that are predicted to code for secreted proteins were upregulated in nurses feeding
young larvae (14/14 in heads, 9/10 in abdomens).

DISCUSSION
The tremendous ecological success of social insects is thought to be primarily due
to efficient division of labor within colonies (Wilson 1971; Oster and Wilson 1978;
Wilson 1987). Here we provide to the best of our knowledge the first evidence for the
existence of a division of labor within nurse workers based on the instar of larvae they
care for. We found evidence for behavioral specialization in the short-term (less than an
hour) and the long-term (over 10 days). Of those that specialized, nurses specialized on
either old (3rd instar) or young (1st and 2nd instar) larvae, and this specialization was
consistent across feeding, grooming, and carrying behaviors. In the short-term, based on
the results of the binomial tests, we classified 56% of nurses as specialists in terms of
feeding, and in the long-term, we classified 27%, 25%, and 22% of workers as specialists
in feeding, grooming, and carrying respectively. Specialists are predicted to increase
colony efficiency (Oster and Wilson 1978; Robinson 1992; Wahl 2002). Although we
cannot say whether specialist nurses increase M. pharaonis colony efficiency, our data
suggest that specialists do play an important role in the colony as they performed more
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per capita feedings than non-specialists (only 27% of nurses were specialized but they
performed over 42% of the observed feedings).
Nurses specialized on caring for young larvae may play a crucial role in
regulating larval development. In both fire ants (Petralia et al. 1980; Tschinkel 1988;
Cassill et al. 2005) and M. pharaonis (authors, personal observation) young larvae are fed
only a liquid diet while old larvae are also fed solid protein. Nurses are likely better able
to manipulate the contents of trophallactic fluid than solid food since trophallactic fluid
contains not only nutrition but also juvenile hormone, microRNAs, hydrocarbons, various
peptides, and other compounds (LeBoeuf et al. 2016). On the other hand, solid food may
be less prone to manipulation since it is harvested directly from the environment.
LeBoeuf et al. (2016) found that supplementing Camponotus floridanus workers with
juvenile hormone caused the larvae they reared to be larger in size as adults, suggesting
that nurses can regulate worker phenotypes through differences in trophallactic fluid. In
some social insect species nutrition during the early larval stages can influence the castefate of developing larvae (Goetsch 1937, Haydak 1943, Shuel & Dixon 1960, Ascencot &
Lensky 1976, Schwander et al. 2010, Metzl et al. 2018). In M. pharoanis, the caste-fate
of developing larvae is determined by the end of the 1st instar (Berndt and Kremer 1986;
Alvares et al. 1993; Khila et al. 2010; Warner et al. 2016; Warner et al. 2018). Therefore,
although as we discuss further below, we found no nurse specialization on caste in old
larvae (i.e. after the point that caste can be morphologically distinguished by human
observers), it is conceivable that nurses specialized on caring for young larvae may
regulate the caste-fate of these young larvae through differences in trophallactic fluid.
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Given that we found evidence for the behavioral specialization of nurses on young
versus old larvae, we also tested for differential gene expression in the head and
abdominal tissues of nurses feeding young versus old larvae as a first step in identifying
transcriptomic signatures of specialization. We expected that differentially expressed
genes (DEGs) in these tissues might be functionally associated with different types of
care provided by nurse workers to differently-aged larvae. Specifically, genes expressed
in brain tissue in the head may be associated with different types of nursing behavior, and
genes expressed in several exocrine glands in the head that are thought to be involved in
the production and secretion of compounds fed to larvae (Boonen and Billen 2016),
might actively contribute to the social regulation of larval development (see Vojvodic et
al. 2015). Finally, genes expressed in the digestive tract and additional exocrine glands
found in abdominal tissue might also be associated with the processing and secretion of
nutrition to larvae during nursing.
We identified 209 and 173 differentially expressed genes in nurse head and
abdominal tissues, respectively, between nurses feeding young versus old workerdestined larvae. Note that this analysis is likely conservative given that our behavioral
data indicate that approximately one half of the individuals used in our gene expression
samples are likely to be specialized based on larval age (i.e. non-specialists included in
our sample would weaken the transcriptomic signature of specialists). Interestingly, while
the majority of DEGs were tissue specific, there was positive correlation between log fold
expression change from young to old nurses in both heads and abdomens. This indicates
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that some transcriptomic changes associated with nurse specialization occur consistently
throughout nurse bodies.
Intriguingly, genes with D. melanogaster orthologs that are known to code for
proteins that are secreted by cells were overrepresented among the DEGs between M.
pharaonis nurses feeding young versus old larvae. The DEGs we detected in nurse tissues
could directly affect larval development if the proteins were secreted by nurses and
transferred to larvae via trophallaxis (Linksvayer 2015). Many of these DEGs which are
predicted to code for secreted proteins have metabolic functions, suggesting they may
play a role in the breakdown of food before it is passed to larvae.
Interestingly, in both head and abdominal tissues, we identified more genes
upregulated in nurses feeding 1st-instar larvae than those feeding 3rd-instar larvae, and
all DEGs that code for proteins secreted in D. melanogaster were upregulated in nurses
feeding 1st-instar larvae. These genes might be involved in regulating early larval
development, or perhaps even regulation of larval caste fate, given that caste
determination occurs at least by the end of the 1st instar (Berndt and Kremer 1986;
Alvares et al. 1993; Khila et al. 2010; Warner et al. 2016; Warner et al. 2018). Genes
upregulated in nurses feeding 1st-instar larvae included genes such as vitellogenin (Vg2)
(Libbrecht et al. 2013) and a member of the major royal jelly protein family (MRJP-1)
(Schonleben et al. 2007), both of which have been implicated in the production and
transfer of proteinaceous food to honey bee larvae, which then shapes larval development
and caste fate (Amdam et al. 2003) (Figure 8-3). Interestingly, LeBoeuf et al (2016)
found both a MRJP homolog and vitellogenin in the trophallactic fluid of ant nurses fed
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to developing larvae. Therefore, it is possible that M. pharaonis nurses feeding young
larvae are passing on these compounds directly to larvae as a means to regulate larval
development.
The DEGs between nurses may also play a role in responding to larval signals.
Two odorant binding proteins (OBP) were differentially expressed in nurse abdomens
(Figure 8-3). These OBPs potentially play a role in communication between nurses and
larvae (Zhou et al. 2015, McKenzie et al. 2016). Although OBPs are predicted to be
primarily expressed in the antennae, previous studies found that OBPs are frequently
expressed in non-chemosensory tissues (McKenzie et al. 2014) and can exhibit various
functions beyond olfaction (Nomura et al. 1992, Maleszka et al. 2007, Dani et al. 2011,
Zhang et al. 2016). For example, the Gp-9 gene encodes for the odorant binding protein
SiOBP3 and has been linked to colony organization in the fire ant Solenopsis invicta
(Wang et al. 2013). Expression of SiOBP3 is found throughout the bodies of workers,
gynes, and males and is actually lowest in the antennae (Zhang et al. 2016; note that the
M. pharaonis ortholog of SiOBP3 was not differentially expressed in this study).
Contrary to findings in honey bees (He et al. 2014; Vojvodic et al. 2015), we
found no behavioral evidence for nurse specialization on larval caste. This lack of
specialization in M. pharaonis is somewhat surprising, given that worker- and
reproductive-destined larvae likely have different nutritional needs (Hunt and Nalepa
1994; Smith and Suarez 2010; Amor et al. 2016; Warner et al. 2016). However, this
difference may be attributable to differences in timing of caste determination. In honey
bees, caste determination occurs relatively late in development and over a period of time,
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as queen-worker inter-castes can be produced by experimental manipulation of diet late
in development (Linksvayer et al. 2011; Dedej et al. 1998; Wang et al. 2014). Therefore,
in honey bees, continued nurse-larval interactions are likely essential to fine-tune caste
dimorphism (Linksvayer et al. 2011).
In contrast to honey bees where each larva develops in an isolated brood cell,
worker- and reproductive-destined larvae are not spatially separated in M. pharaonis.
This lack of separation could also help explain the lack of specialization on larval caste in
M. pharaonis compared to honey bees. Additionally, many ants (including M. pharaonis)
spatially arrange their brood such that younger larvae and eggs tend be in the center and
older larvae and pupae towards the edge of brood piles (Franks & Sendova-Franks 1992;
Lim & Lee 2005). This spatial arrangement could potentially contribute to the observed
short-term specialization if nurses spend most of their time in one area of the nest and
feed larvae close to them. However, we observed nurses frequently moving around the
nest during our short-term observations, interacting with other workers or collecting food
in between subsequent feedings, so that each individual nurse had the potential to interact
with all brood stages.
Further research is necessary to characterize the implications of nurse
specialization, elucidate the detailed molecular and physiological underpinnings, and to
determine how widespread specialization is across ants and other social insects.
Interestingly, we found significant effects of the colony identity for long-term nursing,
grooming, and carrying. Although outside the scope of this study, it is possible that
different colonies exhibit different levels of specialization in either the number of
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specialists or the proportion of brood care behaviors performed by specialists. Future
studies should test for colony-level variation in nurse specialists.
Conclusion
This study describes a previously undocumented form of division of labor within
ant nurse workers: specialization based on larval instar. We found evidence for this
specialization in three different brood care behaviors. Additionally, we found ~200
differentially expressed genes between nurses feeding young versus old larvae. Contrary
to findings in honey bees, we found no evidence for specialization of nurse workers on
larval caste. Further research is necessary to characterize the implications of nurse
specialization, elucidate the detailed molecular and physiological underpinnings, and to
determine how widespread specialization is across ants and other social insects.
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Table 8-1. Summary of effects of factors on short- and long-term nurse behavior on
likelihood ratio tests of GLMMs
χ2

df

p

1.430

1

0.232

345.56

1

<0.0001

Individual Nurse

36.934

1

<0.0001

Colony

57.750

4

<0.0001

Age

0.018

1

0.892

Individual Nurse

21.357

1

<0.0001

Colony

49.576

1

<0.0001

Age

0.022

1

0.882

Individual Nurse

4.500

1

0.034

Colony

5.048

1

0.025

Age

0.021

1

0.886

Short-term Nursing
Caste
Individual Nurse
Stage
Individual Nurse
Long-term Nursing

Long-term
Grooming

Long-term Carrying
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Figure 8-1. Short-term nurse worker specialization on young vs old larvae (A) and
worker- vs reproductive-destined larvae (B). The dots represent the proportions of old
larvae (A) or reproductive larvae (B) that each nurse worker fed and the error bars are the
95% confidence intervals from the binomial tests. The horizontal line represents the
expected proportion based on overall observed proportion of interactions. In plot A, a
proportion of 1 means the nurse worker fed only old larvae while a 0 means the worker
fed only young larvae. In plot B, a proportion of 1 means the nurse worker fed only
reproductive-destined larvae while a 0 means the worker fed only worker-destined larvae.
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Figure 8-2. Nurse worker specialization on young vs old larvae for long-term feeding
(A), grooming (B), and carrying (C). The dots represent the proportions of old larvae that
each nurse worker cared for and the error bars are the 95% confidence intervals from the
binomial tests. The horizontal line represents the expected proportion based on overall
observed proportion of interactions. A proportion of 1.0 means the nurse worker cared for
only old larvae while a 0 means the worker cared for only young larvae.
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Figure 3. Differential expression between nurses feeding young (1st-instar) and old
(large 3rd instar) larvae in A) nurse heads and B) nurse abdomens. Genes colored red are
differentially expressed (FDR < 0.05). C) Correlation of log2 fold change of differentially
expressed genes as measured in nurse abdomens and heads (Spearman rho = 0.345, P <
0.001). Black line represents trendline of linear model. Genes are colored by tissue
differentially expressed in (FDR < 0.05). In all plots, genes with positive “log2 fold
change” are upregulated in nurses feeding large 1st vs 3rd instar larvae (i.e feeding young
vs old larvae).
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CHAPTER 9
CONCLUSIONS AND FUTURE DIRECTIONS

Explaining the evolution of complex phenotypes has been a challenge for
evolutionary biologists going all the way back to Charles Darwin. The genetic
architecture underlying collective behavior is especially complex because, in contrast to
individual-level traits, it involves genes in multiple interacting partners. In chapter 2, I
began to shed light on the evolution of collective behavior and its genetic architecture by
demonstrating that in M. pharaonis it is heritable and linked to fitness-- the two
prerequisites for evolution by natural selection. In chapter 4, I built upon these results by
identifying candidate genes underlying variation in M. pharaonis collective behavior. In
chapter 6, I show that the specific combinations of genotypes within a group influence
collective behavior, demonstrating the importance of genotype x genotype epistatic
effects.
After demonstrating the importance of social interactions on collective
phenotypes in chapter 6, I zoom in to focus on the important social interactions between
nurse workers and developing larvae. In chapter 7, I found support for the maternal
heterochrony hypothesis in the evolution of sibling care in that maternal care and sibling
care were phenotypically correlated, suggesting a shared genetic basis between them and
queen and worker traits more generally. In chapter 8, I provided evidence that some M.
pharaonis nurse workers specialize in caring for larvae of different ages and identified
genes differentially expressed between nurses caring for different larvae. Some of the
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differentially expressed genes are predicted to code for secreted proteins which may be
passed from nurses to larvae and allow nurse specialists to play a disproportionately large
role in regulating larval development.
Social insect societies rely on chemical communication to function, largely
relying on cuticular hydrocarbons which inform about a worker’s colony identity,
reproductive status, dominance status, and task within the colony (Bonavita-Cougourdan
et al. 1987; Lahav et al. 1999; Lenoir et al. 1999; Greene & Gordon 2003, 2007; Martin
& Drijfhout 2009, van Zweden & d’Ettorre 2010, Liebig 2010). In chapter 3, I estimated
the heritability of, and strength of selection on, M. pharaonis cuticular hydrocarbons. In
chapter 5, I extended these results to identify genes underlying variation M. pharaonis
hydrocarbon variation. Many of the genes had been linked to hydrocarbon variation in
other species or have plausible roles in the production of hydrocarbons.
To build off this thesis, the most obvious future direction is to use functional
genomics to verify the role of the candidate genes underlying collective behavior and
cuticular hydrocarbon variation in chapters 3 and 4 and the genes differentially expressed
between nurses feeding different larvae in chapter 8. Unfortunately, functional genomic
approaches such as CRISPR/Cas9 have not been developed for use in many ant species,
including M. pharaonis. However, CRISPR/Cas9 has been used successfully in three ant
species: Ooceraea biroi (Trible et al. 2017), Harpegnathos saltator (Yan et al. 2017), and
Solenopsis invicta (Chiu et al. 2020). There are many pros and cons to studying M.
pharaonis as well as O. biroi, H. saltator, and S. invicta, so while I think it would be
worthwhile to develop CRISPR/Cas9 in M. pharaonis, it would certainly be easier to use
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one of the species in which CRISPR/Cas9 has already been used successfully. However,
other approaches designed to validate the function of genes, such as RNA interference
(RNAi) and pharmacological manipulations, have been used successfully in a number of
social insect species (e.g. Patel et al. 2007; Korb et al. 2009; Lu et al. 2009; Wolschin et
al. 2011; Korb et al. 2017; Friedman et al. 2018) and are potentially more feasible than
CRISPR/Cas9. Future studies on M. pharaonis should consider these approaches.
Additionally, future studies should further investigate the role of trophallactic
fluid passed from nurse workers to larvae in the development of larvae. This fluid has
been shown to contain juvenile hormone, microRNAs, hydrocarbons, various peptides,
and other compounds (LeBoeuf et al. 2016) in the carpenter ant Camponotus floridanus.
Future studies in M. pharaonis and other social insects should identify the composition of
the trophallactic fluid and could potentially pharmacologically manipulate the levels of
compounds in the fluid to investigate their function. Additionally, future studies could
test if nurse workers are able to adjust the composition of their trophallactic fluid to meet
the needs of the colony. For example, if the colony is in need of more workers, we might
expect nurse workers to adjust the composition of trophallactic fluid to speed up the
development of worker-destined larvae (e.g. by manipulating the levels of juvenile
hormone, a key regulator of insect growth and development, in the fluid). Finally, future
studies further investigate the role of specialized nurse workers in the regulating larval
development. In chapter 8 of this thesis, I reported behavioral and transcriptomic
evidence that many nurse workers specialize in caring for either old or young larvae.
Because young and old larvae have different nutritional requirements (Tschinkel 1988;
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Cassill and Tschinkel 1996, 1999; Cassill et al. 2005), we might expect to find
differences in the composition of trophallactic fluid between nurse workers specialized
on different types of larvae and between generalist nurse workers. The differences in
trophallactic fluid would provide clues about which compounds are important for
different larval developmental stages and would help us understand the function of nurse
specialists.
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